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The ongoing decline in Arctic sea ice extent has prompted concerns about the fate of 
sea ice in the future, and the stability of sea ice-dependent ecosystems. By studying the natural 
variability of sea ice cover during past warm intervals, we can better understand how sea ice 
might respond to future warming. Sediments from Integrated Ocean Drilling Program (IODP) 
sites in the Bering Sea provide a record of paleo sea ice extent and productivity during Marine 
Isotope Stage (MIS) 11 (424-374 ka), an interval of prolonged warming that represents a close 
analog to the Holocene with respect to orbital parameters.  
The purpose of this dissertation is twofold; firstly, to examine the effectiveness of 
sediment grain size as a proxy for the sedimentary history of the Bering Sea, and secondly, to 
reconstruct variations in sea ice extent and productivity in the Bering Sea during the MIS 12-10 
cycle. We show that, with some caveats, grain size parameters, including the volume percent of 
grains in various size fractions, as well as the statistical measures of mean grain size, sorting, 
and skewness, can be used to infer past changes in sediment transport, ice rafting and 
productivity at three core sites in the Bering Sea. 
 We present a new, high resolution, multi-proxy record of MIS 11 from IODP Site 
U1339 (Umnak Plateau, southeastern Bering Sea), based on sediment grain size, diatom 
assemblages, stable isotopes, and a new diatom-based proxy for sea ice concentration. The 
record shows that sea ice was more extensive during MIS 11, in comparison to the Holocene, 
and advanced over the plateau during an interval of high sea level and high global 
temperatures.  As sea ice declined during deglaciation, there was a spike in productivity, but 
sea ice and productivity trends are not correlated during MIS 11. We then compare the Umnak 
xx 
Plateau record to new and published records from the Bering slope (sites U1345 and U1343). 
Sediment grain size, diatom assemblages, and the diatom proxy show that sea ice was present 
at the slope sites during MIS 11, but there is evidence for considerable regional variability in the 
timing of ice advance and retreat between the Umnak Plateau and the Bering slope. This 
variability may be explained by east-west differences in sea level pressure and wind direction, 





CHAPTER 1.    INTRODUCTION 
Motivation 
Climate change has occurred throughout Earth’s history, but the current warming trend 
is of particular concern, because much of the observed change is the result of human activity, 
and is progressing at an alarming rate. According to the Intergovernmental Panel on Climate 
Change (IPCC) Fifth Assessment (AR5) Synthesis Report, ‘scientific evidence for warming of the 
climate system is unequivocal, and since the 1950’s, many of these changes are unprecedented 
over decades to millennia’ (IPCC, 2014). Documented impacts of global climate change include 
reduced snow cover, glacier and sea ice retreat, rising sea levels, ocean acidification, and an 
increase in the severity and frequency of natural disasters such as floods, droughts, and 
wildfires (e.g., Bates et al., 2012; Banholzer et al., 2014; Chu et al., 2016; Roe et al., 2017; Sweet 
et al., 2017; Boberg et al., 2018; Nerem et al., 2018; Williams et al., 2019).  
Climate change is not uniform across the planet. In fact, the Arctic region has warmed at 
more than twice the average global rate since the mid-1990s (Overland et al., 2019), due to 
positive feedbacks such as the ice-albedo effect. This phenomenon, known as Arctic 
amplification, is intrinsically coupled with the extent of Arctic sea ice (Screen & Simmonds, 
2010; Serreze et al., 2011; Osborne et al., 2017). The ongoing decline in Arctic sea ice cover has 
prompted concerns about the uncertain fate of sea ice and made improving our knowledge of 
sea ice behavior in response to climate change a pressing task. However, considering that direct 
measurements of sea ice are primarily limited to the past ~40 years of satellite measurements, 
little is known about the natural variability of sea ice over longer (multi-decadal to multi-
millennial) time scales (de Vernal et al., 2013). Without long instrumental records to validate 
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climate models, it is difficult to predict the long-term response of sea ice to a warming climate. 
The task is further complicated by the fact that modern climate is influenced by both natural 
and anthropogenic forcings, which makes it hard to separate the effects of human activity from 
the internal drivers of Arctic sea ice loss (Meehl et al., 2004; Notz & Marotzke, 2012; Ding et al., 
2017). 
We can overcome some of these challenges by using paleoclimate archives (e.g., ice 
cores, sediment cores, corals, tree rings, speleothems) to build a more comprehensive record of 
past climate. Unlike many instrumental measurements, proxy-based records extend beyond the 
pre-industrial period and can therefore be used to gain perspective on natural climate 
variability over time. This information can help us to understand the role of sea ice in the 
climate system, place modern sea ice decline into a longer-term context, and better predict 
future changes in sea ice (de Vernal et al., 2013).  
The primary goal of this research is to document the past spatial and temporal 
variability of Arctic sea ice, and the associated ecological changes that take place as sea ice 
advances or retreats. We achieve this goal through a multi-proxy examination of three 
sediment cores from across the Bering Sea during a past interval of climate warming (Marine 
Isotope Stage (MIS) 11, 424-374 ka). The sub-arctic Bering Sea is highly sensitive to the effects 
of climate change, which makes the Bering Sea, its sea ice, and the ecosystem it supports, very 
important to understanding how global climate change may affect the future of Arctic sea ice. 
Going forward, the records produced as part of this work will be used to evaluate past rates of 
change in sea ice and primary productivity, and ultimately provide a baseline against which 
current and future change can be measured. 
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The Role of Sea Ice in the Global Climate System 
Although sea ice forms mainly in the polar regions, it plays a critical role in regulating 
Earth’s climate at both global and regional scales, through positive and negative feedback 
mechanisms (Goosse et al., 2018). Sea ice exerts a cooling influence on global climate, partly 
because it acts as a barrier to heat and moisture exchange, effectively insulating the cold 
atmosphere from the comparatively warm ocean, and also due to its high albedo (Rahmstorf, 
2002; Flanner et al., 2011; Thackeray & Hall, 2019). Bare sea ice has an albedo between 0.5 and 
0.7, which means that it reflects ~50-70% of incoming solar radiation, in contrast to open 
ocean, which only reflects ~6% (NSIDC, 2020). However, as sea ice retreats and thins, surface 
albedo is reduced, which results in increased absorption of solar radiation, amplified surface 
warming, and further sea ice melt. This positive feedback loop is known as the sea ice-albedo 
feedback and is a key factor in Arctic climate change (Thackeray & Hall, 2019).  
Sea ice also plays an important role in regulating global ocean circulation. As sea ice 
forms, the process of brine exclusion creates waters that are colder, saltier, and therefore more 
dense than the surrounding ocean. Differences in temperature, salinity and density drive deep 
water formation, and contribute to the development of thermohaline circulation (Rudels & 
Quadfasel, 1991; Rahmstorf, 2002; Abernathey et al., 2016). In addition, increased freshwater 
input from melting ice may lead to reduced surface salinity and/or an increase in water column 
stratification, both of which have the potential to slow down or disrupt ocean circulation. A 
number of studies (e.g., Abernathey et al., 2016; Jensen et al., 2016; Sévellec et al., 2017; Sun et 
al., 2018; Liu et al., 2019) have invoked both the thermal and the freshwater effects of sea ice 
decline as factors in weakening of the Atlantic meridional overturning circulation (AMOC), 
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which has slowed by ~15% since the mid-twentieth century (Rahmstorf et al., 2015; Caesar et 
al., 2018). Moreover, numerical modelling experiments (Condron et al., 2020) have shown that 
the export and subsequent melting of thick, paleocrystic sea ice during the last deglaciation 
could have freshened the Nordic Seas enough to weaken AMOC, triggering episodes of abrupt 
climate cooling, such as the Younger Dryas (Bradley & England, 2008). 
Sea ice is important not only within the climate system; it also supports one of the 
world’s largest ecosystems. Sea ice itself provides a critical habitat for large communities of ice 
algae (Arrigo, 2017), whilst seasonal melting of the ice fuels phytoplankton blooms (Perrette et 
al., 2011). These phytoplankton form the basis of a complex food web that includes primary, 
secondary, tertiary, and even quaternary consumers, from zooplankton to polar bears. In 
addition, sea ice cover provides a safe refuge for resting, feeding, and reproduction for a 
number of marine mammals (walrus, seals, polar bears etc.), along with many seabird species 
(Arrigo, 2014). Consequently, changes in sea ice can have a serious impact on ecosystem 
dynamics (Hunter et al., 2010; Post, 2017; Duffy-Anderson et al., 2019). 
 
Effects of Arctic Sea Ice Decline 
The extent of Arctic sea ice has declined dramatically over the course of the 
modern satellite record (1979-present). Summer sea ice is currently declining at a rate of 12.9% 
per decade, the 13 lowest summer sea ice extents recorded in the Arctic have all occurred in 
the past 13 years (2007-2019), and the extent of thick multi-year ice is also declining rapidly. 
The proportion of old (> 4 years) Arctic sea ice declined from 33% to 1.2% between 1985 and 
2019, whilst the relative proportion of first-year sea ice increased from approximately 35-50% 
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to 70% (Perovich et al., 2019). The IPCC AR5 Synthesis Report states that summer Arctic sea ice 
loss since 1979 is unprecedented in 150 years based on historical reconstructions (Walsh et al., 
2017), and more than 1,000 years based on paleoclimate evidence (Polyak et al., 2010; Kinnard 
et al., 2011; Halfar et al., 2013; IPCC, 2014). This decline is strongly linked to increasing surface 
temperatures, but is also related to the ice-albedo feedback, changes in wind strength, and 
increased cyclones (Comiso, 2012).  
Climate models indicate that the Arctic Ocean may be ice-free in the summer within the 
next few decades (e.g., Holland et al., 2006; Stroeve et al., 2012; Overland & Wang, 2013; 
Stroeve & Notz., 2018). As sea ice retreats in the Arctic, positive feedbacks amplify climate 
change, with far-reaching effects on global ocean circulation, global carbon cycling, and the 
atmospheric circulation patterns that link Arctic sea ice to mid-latitude weather (Niebauer et 
al., 1999; Francis & Vavrus, 2012; Mann et al., 2017). In addition, the continued decline of Arctic 
sea ice has major implications for the health of marine ecosystems (Post et al., 2013; Arrigo, 
2014). Sea ice loss now poses a serious threat to indigenous Arctic mammals, such as seals, 
walrus, and polar bears (Hunter et al., 2010; Post et al., 2013). Sea ice loss also presents a 
challenge to the photosynthetic organisms (phytoplankton) that form the basis of marine food 
webs. Primary productivity in the Arctic is currently undergoing a major shift in response to 
dwindling sea ice cover, particularly with respect to the extent and timing of the highly 
productive phytoplankton spring bloom. For example, there is mounting evidence for an overall 
increase in net primary production (e.g., Arrigo et al., 2008; Kahru et al., 2016; Hill et al., 2018; 
Renaut et al., 2018; Frey et al., 2019); satellite measurements of the algal pigment chlorophyll-a 
show that primary productivity increased in all regions of the Arctic during the period 2003-
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2019 (Frey et al., 2019). In addition, the spring bloom is expanding northward at a rate of 1 
degree of latitude per decade (Renaut et al., 2018), and the length of the growth season has 
increased by an average of 17 days due to earlier ice retreat and/or later freeze up (Kahru et al., 
2016). Changes in the timing of the spring bloom may cause a mismatch between primary 
(phytoplankton) and secondary (zooplankton) producers, with cascading effects on higher 
trophic levels (Arrigo et al., 2008; Leu et al., 2011; Kahru et al., 2016; Post, 2017; Duffy-
Anderson et al., 2019; Tedesco et al., 2019). As sea ice retreats and thins, competition for light 
and nutrients between under-ice blooms and the spring bloom may further impact the 
dynamics of the Arctic ecosystem (Renaut et al., 2018).  
Despite recent upwards trends in primary productivity, the response of phytoplankton 
to sea ice retreat has been both seasonally and spatially variable across the Arctic region (Frey 
et al., 2019; Duffy-Anderson et al., 2019). The long-term relationship between sea ice and 
phytoplankton phenology is still not well understood (Hill et al., 2018; Tedesco et al., 2019), and 




This dissertation is organized into six chapters. Chapter 1 (this chapter) outlines the 
motivation for the study. Chapter 2 provides background information on sea ice and primary 
productivity in the Bering Sea, both historic and modern. The following three chapters are 
written as manuscripts, intended for publication in the near future. 
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Chapter 3 examines the effectiveness and limitations of sediment grain size as a proxy 
for sediment transport, sea ice rafting, current strength, and paleoproductivity in Bering Sea 
sediments. Chapter 4 presents a record of changes in sea ice extent and primary productivity 
throughout MIS 11 at IODP Site U1339 (Umnak Plateau, Bering Sea), using a multi-proxy 
approach that includes sediment grain size measurements, diatom assemblage counts, and 
stable isotope analyses. Chapter 5 compares new and published records of sea ice 
concentration and productivity at three IODP core sites (U1345, U1343, U1339) in the Bering 
Sea during the MIS 12-10 cycle, in order to investigate regional variability in sea ice regimes 
across the Bering Sea. Finally, Chapter 6 summarizes the conclusions drawn from each of the 
previous chapters, and outlines directions for future work.  
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CHAPTER 2.    BACKGROUND AND LITERATURE REVIEW 
Study Area 
Physiography and Oceanography of the Bering Sea 
The Bering Sea, located between Russia and Alaska (Fig. 2.1), is the northernmost 
marginal sea of the Pacific Ocean, and the third largest marginal sea in the world. It comprises a 
broad (>500 km), shallow continental shelf in the east, a narrow (<100 km) shelf to the west, a 
steep continental slope and a deep abyssal basin, dissected by several large submarine rises 
including Shirshov Ridge (SR), Bowers Ridge (BR), and Umnak Plateau (UP) (Fig. 2.1; Ben-
Avraham & Cooper, 1981; Stabeno et al., 1999).  
The Bering Sea is divided from the North Pacific Ocean by the Aleutian Island Arc (Fig. 
2.1), but water mass exchange with the Pacific occurs through passes in the Aleutian Islands, 
linking Bering Sea conditions to those of the Pacific (Stabeno et al., 1999). Nutrient-rich 
intermediate and bottom water from the North Pacific flows into the Bering Sea through these 
passes and is slightly modified by the mixing of relatively fresh, warm water with the small 
amounts of bottom water formed in the Bering Sea today (Warner & Roden, 1995). The oxygen 
and nutrient composition of Bering Sea subsurface water is further modulated by respiration of 
organic matter in the water column. The Bering Sea hosts a pronounced oxygen minimum zone 
(OMZ), which is particularly intense at modern water depths of ~900 m (Cook et al., 2005), with 




Figure 2.1. Map of Beringia, showing place names, bathymetric features, and core sites (yellow 
dots) referred to in the text. The black dashed line shows the maximum extent of sea ice today 
(median over the period 1979-2013) (Cavalieri et al., 1996). Currents (shown in blue) are 
modified from Stabeno et al. (1999). Abbreviations include: Alaska Coastal Current (ACC), 
Aleutian North Slope Current (ANSC), Bering Slope Current (BSC), Unimak Pass (UkP), Bering 
Strait (BS), Kamchatka Strait (KS), Shirshov Ridge (SR), Bowers Ridge (BR), and Umnak Plateau 
(UP). Grey bathymetric shading changes value at -50 m (Bering Strait sill depth), -250 m 
(shelf/slope break), -1000 m, and -2000 m.  
 
Surface water masses are derived from inflow of the Alaska Coastal Current (ACC), 
which enters the Bering Sea through Unimak Pass (52 m deep) and other shallow eastern 
passes (Ladd et al., 2005), and from inflow of the Alaskan Stream. As the Alaskan Stream flows 




Slope Current (ANSC). In turn, the northeastward flow of the ANSC is diverted northwestward 
as it nears the shallow continental shelf to form the Bering Slope Current (BSC), which flows 
along the continental slope and supplies critical nutrients to the shelf (Fig. 2.1; Reed & Stabeno, 
1999; Stabeno et al., 1999; Stabeno et al., 2009). Cyclonic circulation dominates surface flow, so 
that much of the Pacific inflow is matched by outflow through the Kamchatka Strait and other 
passes, but a substantial amount of surface water (~0.8 Sverdrups (Sv)) is also transported 
northward through the shallow (-50 m) Bering Strait into the Arctic Ocean (Fig. 2.1; Roach et al., 
1995). As the sole gateway between the Bering Sea and the Arctic Ocean, inflow of Pacific 
water through the Bering Strait is an important source of heat, freshwater and nutrients to the 
Arctic (Walsh et al., 1989; Stabeno et al., 1999; Woodgate et al., 2010). The closure of the 
Bering Strait at times of lower sea level isolates the North Pacific from the North Atlantic, 
causing changes in global patterns of circulation, nutrient and salinity distributions (e.g., 
Okazaki et al., 2010; Hu et al., 2012, 2015; Knudson and Ravelo, 2015; Caissie et al., 2016; 
Worne et al., 2019). By way of example, Knudson & Ravelo (2015) used a 1.2 Myr record of 
foraminiferal δ18O and δ13C from IODP Site U1342 as evidence for enhanced ventilation of 
North Pacific Intermediate Water (NPIW) during extreme glacial conditions, when sea level was 
at least 50 m lower than at present and the Bering Strait was closed. Increased sea ice 
formation and brine rejection within the Bering Sea likely played a large role in NPIW 
ventilation during such periods (Worne et al., 2019). 
Sea Ice Variability in the Bering Sea 
The history of sea ice in the Bering Sea extends well into the Pleistocene, and in some 
cases back to the Pliocene (e.g., Kanematsu et al., 2013; Stroynowski et al., 2015; Kato et al., 
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2016; Onodera et al., 2016; Teraishi et al., 2016; Detlef et al., 2018). At Bowers Ridge (IODP Site 
U1340) (Fig. 2.1), for example, siliceous microfossils record a pulse of sea ice during the 
Pliocene M2 glacial event at ~3.3 Ma and periodic expansion of sea ice to Bowers Ridge 
beginning at around 2.9 Ma (Onodera et al., 2016). On shorter timescales, the sea ice margin 
appears to be relatively stable at the shelf-slope break, even during times of significant climate 
transition (Caissie et al., 2016), but on longer timescales ice extent has fluctuated considerably, 
expanding southward during glacial periods, retreating to its present limit (Cook et al., 2005; 
Katsuki and Takahashi, 2005; Caissie et al., 2010) or even further north (Kaufman and Brigham-
Grette, 1993) during interglacials. Today, only the northern Bering Sea is seasonally ice-covered 
— the southern limit of sea ice extent is about 57°N — but during the Last Glacial Maximum 
(LGM), winter sea ice advanced to cover most regions of the Bering Sea. There are several lines 
of evidence for thick perennial sea ice at Site 51JPC in the Umnak Plateau region of the 
southeastern Bering Sea during the LGM (Sancetta et al., 1985; Caissie et al., 2010; Pelto et al., 
2018; Nesterovich, 2019), yet Katsuki & Takahashi (2005) only found evidence for seasonal ice 
in a second core (UMK3A), located slightly further southwest on the Umnak Plateau. In 
contrast, the south-central part of the Bering Sea remained largely ice free (Katsuki & 
Takahashi, 2005; Matul, 2017; Méheust et al., 2018). These discrepant records point to 
significant regional variability in sea ice regimes across the Bering Sea. 
Current conditions in the Bering Sea promote the formation of seasonal sea ice over the 
continental shelf (Fig. 2.1; Stabeno et al., 2019a). In the fall, as surface waters reach a 
temperature of -1.7°C (the freezing point for saltwater), ice begins to form in the northern 
Bering Sea, and is pushed southward by prevailing north-northeasterly winter winds. Sea ice 
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typically peaks in late March, and melts back in the spring, reaching its minimum extent in 
September (Niebauer et al., 1999; Perovich et al., 2019). This annual cycle of sea ice melt and 
freeze is highly variable over the course of the satellite record (1979-2020), alternating 
between colder winters with extensive sea ice and warmer winters with reduced sea ice (Fig. 
2.2; Stabeno et al., 2012, 2019b; Stabeno & Bell, 2019). Interestingly, prior to 2018 there was 
no obvious systematic decrease in Bering Sea ice volume; unlike the progressive decline in sea 
ice extent observed for the Artic as a whole, the Bering Sea record appears more cyclic (Fig. 2.2; 
Brown & Arrigo, 2012; Stabeno et al., 2019b). However, during the 2017-2108 season, winter 
sea ice cover in the Bering Sea reached record low levels, due to persistent warm southerly 
winds, and the second lowest extent on record was observed the following year (2018-2019) 
(Fig. 2.2; Cornwall, 2019; Stabeno & Bell, 2019; Stabeno et al., 2019a, 2019b).  
 
 
Figure 2.2. Satellite measurements of maximum sea ice extent from 1979-2019 for the Bering 
Sea (blue line) and the Arctic (grey line). Sea ice data is taken from the Sea Ice Index, National 




For the past few years, the ice pack in the Bering Sea has advanced later and retreated 
earlier, resulting in a shorter sea ice season (Wang et al., 2018; Stabeno et al., 2019b). Although 
sea ice decline is an expected response to climate warming, loss of this magnitude was not 
predicted to occur before 2030 (Wang & Overland, 2009), and there are concerns that these 
unexpected changes could indicate a major regime shift in the Bering Sea, with implications for 
ecosystem stability (Duffy-Anderson et al., 2019; Cornwall, 2019; Stabeno et al., 2019b).  
Primary Productivity in the Bering Sea 
The Bering Sea has long been recognized as one of the most biologically productive 
marine ecosystems in the world (e.g., Sambrotto et al., 1984; Loughlin et al., 1999; Sigler et al., 
2010; Brown and Arrigo, 2012, 2013; Stabeno et al., 2019a). Primary production in this region is 
dominated (both now, and in the past) by the contribution of siliceous microorganisms, 
primarily diatoms (Takahashi et al., 2000; Okazaki et al., 2005; Aiello & Ravelo, 2012; Ran et al., 
2013; Koizumi & Yamamoto, 2018), that thrive due to extremely high levels of silica in the 
Bering Sea. In fact, deep waters of the Bering Sea contain the highest silicate concentrations in 
the world’s ocean, as much as 40% greater than in the deep North Pacific (Coachman et al., 
1999). As a result, the Bering Sea has been dubbed ‘the sea of silica’ (Tsunogai et al., 1979). 
There are several possible explanations for the high silica levels, including: a) extremely high 
surface productivity, such that high concentrations of dissolved silica are produced at depth by 
the dissolution of large amounts of marine snow; b) gradual accumulation of dissolved silica 
over time, due to the long residence time of Bering Sea deep water; or c) high regeneration 
rates of silicic acid from bottom sediments (Calvert, 1974; Tsunogai et al., 1979; Coachman et 
al., 1999).  
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In the Bering Sea, the seasonal productivity cycle begins in spring, once light levels are 
sufficient to penetrate through the ice and induce photosynthesis in sea ice algae. As sea ice 
retreats, it leaves behind cold, stratified, nutrient-rich waters, which stimulate a massive bloom 
of phytoplankton (primarily diatoms) (Vancoppenolle et al., 2013). This bloom follows the 
retreating ice edge northward across the Bering Shelf, until surface nutrients become depleted 
(Niebauer et al., 1990; Brown & Arrigo, 2013; Sigler et al., 2014). Typically, over half of the 
annual net primary production in the Bering Sea occurs within a ~3-month period between May 
and July; during this time, enough organic matter settles on the seafloor to sustain the entire 
shelf ecosystem throughout the year (Brown & Arrigo, 2013). Secondary phytoplankton blooms 
may occur in summer or fall, providing that episodic winds can break down stratification and 
mix nutrients up into the surface waters (Stabeno et al., 2010; Sigler et al., 2014). Surface 
sediments in the adjacent Chukchi Sea reflect a pattern of seasonal succession; open waters in 
summer are dominated by the diatom species Nitzschia longissima, which is replaced by 
Proboscia species come autumn (Nesterovich, 2019). The autumn bloom ends once light 
becomes a limiting factor, and during winter, enhanced vertical mixing and nutrient recharge 
sets the stage for the next spring phytoplankton bloom (Brown & Arrigo, 2013).  
Changes in sea ice extent, as well as the timing of ice retreat, are likely to greatly impact 
the magnitude and timing of primary production in the Bering Sea, with cascading effects on 
top predators (Brown and Arrigo, 2013). For example, following the record low sea ice extent in 
2017/2018, the spring phytoplankton bloom in the northeastern Bering Sea was delayed until 
June, was much smaller than in previous years, and consisted of different species; zooplankton 
had less fat than usual; small forage fish such as herring and caplen were scarce; and there 
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were a high number of seabird deaths reported (Duffy-Anderson et al., 2019). Models predict 
that future climate warming and associated sea ice decline will have a strong impact on primary 
production in the Bering Sea by the end of the 21st century, and that these changes will 
propagate through the food web, impacting the commercially valuable fisheries in the region 
(Hunt et al., 2011; IPCC, 2014; Hermann et al., 2019).  
Changes in primary productivity during the last deglaciation (Termination I) have been 
studied in great detail in the Bering Sea (e.g. Sancetta et al., 1985; Cook et al., 2005; Brunelle et 
al., 2007; Caissie et al., 2010; Pelto et al., 2018). During the deglacial transition, a widespread 
decrease in the oxygen concentration of mid-depth waters culminated in the deposition of 
laminated sediments across the North Pacific and its marginal seas (Cook et al., 2005; Brunelle 
et al., 2007; Addison et al., 2012; Schlung et al., 2013; Pelto et al., 2018). The exact causes of 
the dysoxia and subsequent formation of laminated sediments are still debated, but leading 
hypotheses include changes in the ventilation of intermediate waters (Zheng et al., 2000), 
increased export productivity (Kuehn et al., 2014), or a combination of the two (Cook et al., 
2005; Matul et al., 2016). Regardless of the cause, many factors indicate high productivity 
during these laminated intervals, including pulses of CaCO3, a high weight percentage of 
biogenic opal, and a high percentage of organic carbon (Cook et al., 2005; Okazaki et al., 2005; 
Brunelle et al., 2007; Caissie et al., 2010, 2016; Pelto et al., 2018). Additionally, resting spores of 
Hyalochaete Chaetoceros, a diatom indicative of upwelling or high productivity environments, 
dominate Bering Sea diatom assemblages during laminated intervals (Lopes et al., 2006; Caissie 
et al., 2010).  
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Despite regional differences, the Termination I records display several similarities to 
Terminations II (130 ka) and V (424 ka), suggesting that there are certain characteristics of 
productivity that many, if not all, deglacial transitions have in common. For example, multiple 
lines of evidence show that primary productivity is lowest during glacials in all areas of the 
Bering Sea. Productivity increases during deglaciation, but does not remain high once a warm 
period stabilizes (Katsuki and Takahashi, 2005; Brunelle et al., 2007; Caissie et al., 2010; Lam et 
al., 2013; Caissie et al., 2016). 
 
Marine Isotope Stage 11 
Marine Isotope Stage (MIS) 11 (~424-374 ka) is recognized as the longest and one of the 
warmest interglacials of the past 500 ka (Fig. 2.3; Hodell et al., 2000; Berger & Loutre, 2002; 
Lisiecki and Raymo, 2005; Rohling et al., 2010), and is further characterized by the highest 
amplitude deglacial warming of the past 5 Ma (Droxler and Farrell, 2000; Droxler et al., 2003). 
The transition from MIS 12 to 11 (Termination V) has been compared to the last deglaciation 
(Dickson et al., 2009), and MIS 11 is considered a partial analogue for current and future 
warming (Droxler and Farrell, 2000; Berger & Loutre, 2002; Loutre & Berger, 2003; Masson-
Delmotte et al., 2006; Bowen, 2010), although it is important to recognize that the natural 
course of Holocene warming has been disrupted by anthropogenic activity (Ruddiman, 2007; 
Palumbo et al., 2019; Cronin et al., 2019).  
Various authors use different terms to define Marine Isotope Stage 11 and its substages 
(e.g., Prokopenko et al., 2001; Tzedakis et al., 2001; Kandiano et al., 2012; Railsback et al., 2015; 
Hrynowiecka et al., 2019). For clarity, we recognize MIS 11 as the warm period from 424-374 ka 
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(Lisiecki & Raymo, 2005), and MIS 11c (420-398 ka) as the interglacial climatic optimum 
(Kandiano et al., 2012), with peak warmth centered around 405 ka, consistent with the timing 
of peak eustatic sea level (~410-400 ka) (Raymo & Mitrovica, 2012). 
MIS 11 has been selected as a key time slice for several reasons. Firstly, it is the most 
recent interglacial period with orbital parameters similar to the Holocene (Fig. 2.3). Like today, 
the eccentricity of Earth’s orbit during MIS 11 was at a minimum, which reduced the amplitude 
of precessional change, whereas obliquity was high, leading to warmer summers and a 
corresponding reduction in ice volume (Berger & Loutre, 2002; Droxler et al., 2003; Loutre & 
Berger, 2003). Accordingly, the strong interglacial signal of MIS 11 cannot be explained solely 
within the context of orbital forcing - the 'MIS 11 problem’ (Imbrie & Imbrie, 1980; Droxler & 
Farrell, 2000; Berger & Wefer, 2003). However, Hodell et al. (2000) showed that the sustained 
interglacial warmth of MIS 11 could be partly explained by the fact that low eccentricity and 
low amplitude precession resulted in fewer cold substages during the interglacial. In addition, 
atmospheric CO2 concentrations during MIS 11 averaged 275 ppm for a prolonged period, a 
value which is comparable to pre-industrial levels (Fig 3; Petit et al., 1999; Siegenthaler et al., 
2005; Lüthi et al., 2008; Bereiter et al., 2015). These relatively high CO2 levels contributed to the 
extreme warmth recorded in the proxy record; MIS 11 would otherwise have been much 
cooler, due to relatively low (although stable) insolation values at 65°N (Fig. 2.3; Yin and Berger, 
2011).  
The spatial pattern and degree of warming during MIS 11 is highly complex. Some 
paleoclimate records indicate that temperatures were no higher than for any other interglacial 




Figure 2.3. Orbital cycles and global climate records of the past 500 ka. (a) Orbital eccentricity 
(Laskar et al., 2011); (b) obliquity (Laskar et al., 2004); (c) precession (Laskar et al., 2004); (d) 
northern hemisphere summer insolation at 65°N (Laskar et al., 2004); (e) benthic foraminiferal 
δ18O records (the LR04 stack, Lisiecki & Raymo, 2005); (f) compilation of atmospheric CO2 from 
Antarctic ice cores (Bereiter et al., 2015) and (g) relative sea level in meters above or below 
present (Rohling et al., 2010). Grey bars denote interglacial stages 1 through 13. 
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Conversely, the extreme and prolonged warmth observed in many other records from this 
interval has led to MIS 11 being described as a ‘super interglacial’ (Melles et al., 2012). Overall, 
MIS 11 is characterized by warmer climatic conditions, especially at high latitudes (de Vernal & 
Hillaire-Marcel, 2008; Melles et al., 2012). Sea level during MIS 11c was probably 6-13 m higher 
than at present (Raymo & Mitrovica, 2012; Dutton et al., 2015), although estimates range from 
+20 m (Bowen, 1999; Olson & Hearty, 2009) to 0 m above present sea level (Bowen, 2010; 
Rohling et al., 2010, 2014). A sustained sea level highstand of 6-13 m would have required 
major or even total deglaciation of Greenland and/or the West Antarctic Ice Sheet (Raymo & 
Mitrovica, 2012). MIS 11 is further characterized by increased carbonate production at high 
latitudes, massive expansion of coral reefs, and strong thermohaline circulation (Droxler & 
Farrell, 2000). During MIS 11c, Antarctica experienced temperatures 2°C warmer than today 
(Jouzel et al., 2007), the Arctic Ocean was seasonally ice-free (Cronin et al., 2019), boreal forest 
extended across Greenland, which may have been largely ice-free (de Vernal & Hillaire-Marcel, 
2008) and large lakes in Siberia were anomalously productive (Prokopenko et al., 2010; Lozhkin 
& Anderson, 2013).  
 
Marine Isotope Stage 11 in the Bering Sea 
Despite the work done to characterize MIS 11 in the terrestrial realm (e.g., Droxler et al., 
2003; Ashton et al., 2008; Candy, 2009; Dabkowski et al., 2012; Candy et al., 2014; Kleinen et 
al., 2014; Shi et al., 2016; Tye et al., 2016), as well as the North Atlantic and Nordic Seas (Bauch 
et al., 2000; Kandiano & Bauch, 2007; Dickson et al., 2009; Poli et al., 2010; Voelker et al., 2010; 
Rodrigues et al., 2011; Bauch, 2012; Kandiano et al., 2012, 2017; Candy & McClymont, 2013; 
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Milker et al., 2013), less is known about MIS 11 in the North Pacific region, and especially in the 
Bering Sea. In fact, this project is one of the first high resolution studies of MIS 11 in the Bering 
Sea. It builds on work by Caissie et al. (2016), in which the authors examine changes in sea ice 
extent from MIS 12-10 at IODP Site U1345 and find that sea ice diatoms were present (~30% of 
the assemblage) throughout the entirety of MIS 11 at this site. In addition, low resolution 
diatom records from other core sites in the Bering Sea indicate that seasonal sea ice advanced 
over the continental slope (Sites U1345 and U1343) and reached eastern Bowers Ridge (Site 
U1340) during this interglacial (Stroynowski et al., 2015; Onodera et al., 2016; Teraishi et al., 
2016). In contrast, winter sea ice barely reaches the northernmost shelf today, and never 
extends as far south as Bowers Ridge or the Umnak Plateau. Unpublished counts of sea ice 
diatom species (Fragilariopsis cylindrus, Fragilariopsis oceanica, Fragilariopsis regina-jahniae, 
Fossula arctica, Nitzschia frigida, Sinerima marigela, and Thalassiosira antarctica) completed in 
our lab (Marine Sediments Lab, Iowa State University) show that sea ice diatoms make up 
between 6 and 10% of the diatom assemblage in modern surface sediments from the slope 
Sites U1345 and V21-163. Further south at Site UMK3A, the sea ice diatom Fragilariopsis 
cylindrus constitutes no more than 4% of the modern assemblage (Katsuki & Takahashi, 2005; 
Caissie et al., 2010; Nesterovich & Caissie, in review). As a general guide, less than 3.5% of 
Fragilariopsis species indicates perennially ice-free conditions, 13-18% indicates 1-4 months of 
sea ice cover, and >19% indicates more than 4 months of sea ice cover per year (Caissie et al., 
2010). 
Interestingly, MIS 11 was unique in Beringia because tidewater glaciers advanced whilst 
eustatic sea level was still high, an example of the ‘out-of-phase glaciations’ observed during 
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interglacial periods in this region (Brigham-Grette, 2001). Several lines of evidence (molluscs, 
pollen, marine microfossils) indicate that ice advanced more than 200 km from the Brooks 
Range to Kotzebue Sound (Huston et al., 1990). This glacial advance was driven by solar forcing, 
and by moisture from the flooded Beringian shelf (Brigham-Grette et al., 2001). Glacial advance 
during Late MIS 11 is tentatively correlated with the Nome River Glaciation (470 ka +/- 190 kyr), 
which is widely believed to be the last of the extensive glaciations in Beringia (Brigham-Grette, 
2001; Kaufmann et al., 2001; Manley et al., 2001).  
 
Summary 
In the face of critical changes in Arctic sea ice extent and sea ice-dependent ecosystems, 
we reiterate the urgent need to improve our understanding of the processes involved in these 
changes. To this end, we use proxy records (sediment grain size, diatoms, stable isotopes) from 
Bering Sea sediment cores to reconstruct natural variability in sea ice and primary productivity 
during MIS 11, which is considered one of the best analogs for the (natural) development of 
Holocene climate. Our main objective is to fill an important gap in high-resolution proxy records 
of MIS 11 climate from the North Pacific region. Specifically, we focus on the following 
questions:  
1. How can we use sediment grain size to infer the sedimentary history of the Bering Sea 
during MIS 11? 
2. What were sea ice conditions in the Bering Sea during Marine Isotope Stage 11, and 
most importantly, how did sea ice respond to major warming trends, such as 
deglaciation and the peak interglacial warmth of MIS 11c?  
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3. Were sea ice regimes synchronous across the Bering Sea, or do records indicate regional 
variability in sea ice and related biological productivity, in keeping with the regional 
variability described from LGM records? 
4. What similarities/differences do we observe between sea ice and primary productivity 
during MIS 11, in comparison to the Holocene? 
5. How does the expression of MIS 11 in the Bering Sea compare to the global signal? 
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Abstract 
Grain size is an important textural property of sediments and is widely used in 
paleoenvironmental studies as a means to infer changes in the sedimentary environment. 
However, grain size parameters are not always easy to interpret, without a full understanding 
of the factors that influence grain size. Here, we measure grain size in sediment cores from the 
Bering slope and the Umnak Plateau, and review the effectiveness of different grain size 
parameters as proxies for sediment transport, current strength, and productivity, during a past 
warm interval (Marine Isotope Stage 11, 424-374 ka).  
In general, sediments in the Bering Sea are hemipelagic, making them ideal deposits for 
paleoenvironmental reconstructions, but there is strong evidence in the grain size distribution 
for contourite deposits between ~408-400 ka at the slope sites, suggesting a change in bottom 
current transport at this time. We show that the grain size of coarse (>150 µm) terrigenous 
sediment can be used effectively as a proxy for ice rafting, although it is not possible to 
distinguish between iceberg and sea ice rafting processes, based on grain size alone. We find 
that the mean grain size of bulk sediments can be used to infer changes in productivity on 
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glacial-interglacial timescales, but the size and preservation of diatom valves also exert a 
control on mean grain size. Lastly, we show that the mean size of sortable silt (10-63 µm) is not 
a valid proxy for bottom current strength in the Bering Sea, because the input of ice-rafted silt 
confounds the sortable silt signal. 
Introduction 
Marine sediments provide valuable records of Earth’s climate history over long (millions 
of years) time scales and are thus a highly valuable tool in paleoceanographic and paleoclimatic 
reconstructions. In particular, the textural properties of marine sediments can help us to gain a 
deeper understanding of the different sedimentary processes that operate under changing 
environmental conditions (Poppe et al., 2006; Rothwell & Rack, 2006). 
Grain size is a fundamental property of ocean sediments that is widely used in 
paleoceanographic studies, most notably as a proxy for sediment source, transport, and 
depositional processes. For example, variations in the grain size of marine sediments have been 
related to changes in paleoproductivity (Warner & Domack, 2002; Muhong et al., 2005; Aiello & 
Ravelo, 2012), fluvial discharge (Weltje & Prins, 2003; Briceño-Zuluaga et al., 2016; Carlin et al., 
2019), aeolian dust input (Weltje & Prins, 2003; Holz et al., 2007; Serno et al., 2014; Stuut et al., 
2014; Briceño-Zuluaga et al., 2016), and the strength and flow speed of paleo currents (e.g., 
McCave et al., 1995, 2017; Tegez et al., 2014; Voigt et al., 2016; Hoffman et al., 2019). In 
addition, grain size is key to interpreting sediment composition (Sval’nov & Alekseeva, 2006; 
Aiello & Ravelo, 2012), and can also be used to help distinguish between different types of 
deep-water sediment facies (e.g., Stow & Tabrez, 1998; Stow & Smillie, 2020). 
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 Of particular importance in high latitude settings is the information that grain size can 
provide about glacial and sea ice extent. Numerous studies have used sediment grain size 
records to infer the ice rafting history of a region (e.g., Nürnberg et al., 1994; Wolf-Welling et 
al., 1996; Andrews & Principato, 2002; Sakamoto et al., 2005; St. John et al., 2008; deGelleke et 
al., 2013; O’Regan et al., 2014; Kim et al., 2018). By way of example, St. John et al. (2008) used 
grain size to reconstruct the Cenozoic history of ice rafting in the Arctic Ocean, and showed that 
ice was present in the Arctic Ocean as early as the middle Eocene, whilst Sakamoto et al. (2005) 
used the grain size distribution of terrigenous particles to reconstruct sea ice expansion events 
in the Sea of Okhotsk over the past 100 ka. 
Whilst grain size has the potential to be an extremely useful proxy, it is not always easy 
to interpret because of the multiple factors that influence grain size. Bering Sea sediments are a 
mix of biogenic, terrigenous, and volcanogenic sediments that reflect a wide range of transport 
and depositional processes, including vertical settling, winds, sea ice, icebergs, gravity flows, 
bottom currents, and other transport mechanisms. Here we show that Bering Sea grain size 
records can successfully be used to infer the sedimentary history of the Bering Sea during a past 
warm interval (Marine Isotope Stage 11; 424-374 ka). We measure grain size in sediments from 
three core sites on the Bering slope and Umnak Plateau, which were obtained during Integrated 
Ocean Drilling Program (IODP) Expedition 323 in 2009. We calculate a number of grain size 
parameters for the sediments, and review the limitations and effectiveness of these parameters 
to serve as a proxy for sediment facies, transport mechanisms such as ice rafting, bottom 





Figure 3.1. Map of Beringia, showing place names, bathymetric features, and core sites referred 
to in the text. The black dashed line shows the maximum extent of sea ice today (median over 
the period 1979-2013) (Cavalieri et al., 1996). Currents (shown in blue) are modified from 
Stabeno et al. (1999). Abbreviations include: Alaska Coastal Current (ACC), Aleutian North Slope 
Current (ANSC), Bering Slope Current (BSC), Bering Strait (BS), Navarin Canyon (NC), Zhemchug 
Canyon (ZC), and Umnak Plateau (UP). Grey bathymetric shading changes value at -50 m (Bering 
Strait sill depth), -250 m (shelf/slope break), -1000 m, and -2000 m. 
 
Study Area 
Location and Oceanographic Setting 
The Bering Sea, located between Russia and Alaska, is a marginal sea of the North Pacific 
Ocean. It comprises a broad (>500 km), shallow continental shelf in the east, a narrow (<100 
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km) shelf to the west, a steep continental slope, and a deep abyssal basin, dissected by several 
large submarine rises (Fig. 3.1; Ben-Avraham & Cooper, 1981; Stabeno et al., 1999). To the 
north, the shallow (-50 m) Bering Strait serves as the only connection between the Pacific and 
Arctic Oceans (Fig. 3.1).  
Water mass exchange with the North Pacific occurs via passes in the Aleutian Islands, 
linking Bering Sea conditions to those of the Pacific (Stabeno et al., 1999). Nutrient-rich 
currents, derived from inflow of the Alaska Coastal Current and the Alaskan Stream, flow along 
the continental slope and supply critical nutrients to the shelf (Fig. 3.1). These nutrient-rich 
surface waters contribute to the extremely high rates of biological productivity in the Bering 
Sea, which is one of the most productive marine ecosystems in the world (Loughlin et al., 1999; 
Sigler et al., 2010; Brown and Arrigo, 2012, 2013; Stabeno et al., 2019).  
Sedimentation in the Bering Sea 
Sediments in the Bering Sea are primarily a mix of biogenic and fine-grained siliciclastic 
particles, whilst secondary components of the sediment include volcanogenic material, sand-
sized siliciclastics, and ice-rafted debris (IRD) (Takahashi et al., 2011; Aiello & Ravelo, 2012). The 
biogenic materials largely comprise siliceous diatom frustules, with lesser contributions from 
other microfossils, including foraminifera, radiolarians, and sponge spicules (Takahashi et al., 
2011; Aiello & Ravelo, 2012). Terrigenous sediments in the Bering Sea are mostly derived from 
the surrounding landmasses, in particular, the Alaskan mainland, the Alaskan Peninsula, and 
eastern Siberia, and to a lesser extent, from the Aleutian Arc, which is the primary source of 
volcanogenic input to the region (Naidu & Mowatt, 1983; Asahara et al., 2012; Nagashima et 
al., 2012). These sediments are transported to the Bering shelf by aeolian and fluvial processes, 
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as well as ice rafting. In the North Pacific today, wind-blown aerosols are largely restricted to 
the vicinity of their source environments, and aeolian input of desert dust from the Asian 
continent is minimal (0.5-1 g m2 yr-1) (Mahowald et al., 2005; Serno et al., 2014), although there 
is evidence for enhanced dust fluxes during past glacial periods (Riethdorf et al., 2013; Shaffer 
& Lambert, 2018). Major rivers, including the Yukon, Kuskokwim and Anadyr, discharge millions 
of tons of sediment — mostly clay, silt, and fine sand-sized siliciclastics — to the continental 
shelf; in particular, the Yukon River provides ~63% of the total sediment load to the Bering Sea 
(Riethdorf et al., 2013). In addition, icebergs and sea ice may entrain and transport a mix of 
coarse and fine terrigenous material far offshore (e.g.  Nürnberg et al., 1994; Lisitzin, 2002; 
Darby & Zimmerman, 2008; Darby et al., 2011; Mager et al., 2013; St John et al., 2015). 
Sediment dispersal across the shelf is further influenced by wave energy, storms, and ocean 
currents. 
Core Sites 
Sediment cores used in this study were retrieved from the Bering slope and the Umnak 
Plateau during IODP Expedition 323 to the Bering Sea in 2009 (Fig. 3.1; Takahashi et al., 2011). 
Site U1345 is the northernmost of the three core sites and is located on an interfluve ridge near 
the shelf-slope break, just south of Navarin Canyon, at a water depth of 1008 m (Fig. 3.1; 
Takahashi et al., 2011). Site U1343 is situated on a topographic high (-1953 m), which is isolated 
from the Bering Shelf by the Zhemchug Canyon (Fig. 3.1; Takahashi et al., 2011). Both of these 
sites are located relatively close to the modern limit of winter sea ice on the northern shelf (Fig. 
3.1) and are situated within the highly productive Bering Sea Green Belt (Springer, 1996; 
Takahashi et al., 2011). Site U1339 is located in the southeastern Bering Sea, on the northwest 
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flank of Umnak Plateau, at a water depth of 1870 m. Today, Site U1339 is influenced by the 
relatively warm Alaskan Stream, which inhibits the formation of sea ice in the region, but there 
is evidence for substantial sea ice cover at Site U1339 and other regions of the Bering Sea in the 
past (e.g., Sancetta et al., 1985; Cook et al., 2005; Katsuki & Takahashi, 2005; Caissie et al., 
2010, 2016; Onodera et al., 2016; Méheust et al., 2018; Pelto et al., 2018; Nesterovich and 




Shipboard bio- and magnetostratigraphy were used to place the sediment core records 
in the correct stratigraphic position (Takahashi et al., 2011). Published benthic foraminiferal 
oxygen isotope measurements (Asahi et al., 2016; Cook et al., 2016) were used to align the 
records to the global benthic stack (LR04; Lisiecki & Raymo, 2005), and dates for each sample 
were obtained using linear interpolation between tie points (Fig. 3.2). The age model for Site 
U1345 was subsequently improved by adding an extra tie point based on magnetic 
susceptibility (Caissie et al., 2016). 
Grain Size Measurements 
Sediment was sampled periodically from the primary splices at core sites U1345 (n = 97), 
U1343 (n =239) and U1339 (n = 296), and the grain size of these samples was measured using a 
Malvern Mastersizer Laser 3000, equipped with a Hydro MV dispersion tank. This instrument 
uses the principle of laser diffraction to determine the volume distribution of particles in 101 
size bins ranging from 0.01 to 3500 µm. 
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Freeze-dried bulk sediments were massed to approximately 0.025 g and treated with 
the deflocculant sodium hexametaphosphate (SHMP) prior to being analyzed. To obtain the 
grain size of just the terrigenous fraction, a second set of samples were sequentially treated 
with 30% H2O2, 10% HCl, and 1 M NaOH to remove the organic, carbonate, and siliceous 
biogenic material, respectively, before grain size was measured (Sakamoto et al., 2005). Bulk 
grain size records for Site U1345 were published previously by Caissie et al. (2016); we used the 
same samples to measure the grain size of the terrigenous fraction only. 
 
 
Figure 3.2. Benthic foraminiferal δ18O values for IODP sites U1345 (black; Cook et al., 2016, 
U1343 (blue; Asahi et al., 2016) and U1339 (red; Cook et al., 2016) compared to the LR04 stack 
(grey; Lisiecki and Raymo, 2005). Inverted triangles show tie points between Bering Sea δ18O 
(filled) and magnetic susceptibility (open) records and the global stack. The grey bar shows the 
duration of MIS 11.  
 
Statistical Analyses 
The raw dataset provided by the Malvern software includes the volume % of grains in 
109 bin sizes, as well as the 10th (Dx10), 50th (Dx50) and 90th (Dx90) percentiles. We also 
calculated the volume distribution of grains in the following size fractions: clay (<2 µm); silt (2-
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63 µm); sand (63-2000 µm); gravel (>2000 µm); ice-rafted debris (>150 µm; >250 µm), and 
sortable silt (10-63 µm), based on a modified Udden-Wentworth scale (Table 3.1). 
 
Table 3.1. Size scale adopted in the GRADISTAT program, compared with those previously used 





Table 3.2. Statistical formulae used in the calculation of grain size parameters, and suggested 
descriptive terminology, using geometric (modified) Folk & Ward (1957) graphical measures. (P 
represents grain diameter, in metric units (µm/mm), at the cumulative percentile value of x). 




Additional grain size parameters, including mean size, sorting and skewness, were 
calculated in GRADISTAT, a program that allows for rapid analysis of grain size statistics by a 
variety of methods (Blott & Pye, 2001). Here, we use the geometric (modified) Folk & Ward 
(1957) graphical measure, which provides a robust basis for routine comparisons of 
compositionally variable sediments (Blott & Pye, 2001). A further advantage of the Folk and 
Ward method is the opportunity to convert parameter values to descriptive terms for the 
sediment (see Table 3.2). 
Smear Slide Analyses 
Smear slide analyses were conducted on a subset of samples from the three sites (n = 
55), in order to quantify the relative contribution of terrigenous and biogenic material, and 
elucidate the relationship between sediment composition and grain size. The biogenic and 
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mineral components in 10 random fields of view were identified, using a Nikon ECLIPSE Ni 
transmitted light microscope at magnifications of 100x and 400x, and the relative percent 




Takahashi et al. (2011) used shipboard core descriptions and low-resolution smear slide 
counts to show that sediments in the Bering Sea are primarily a mix of terrigenous and biogenic 
particles. Results from our higher resolution smear slide counts support these findings. We 
identified three main sediment compositions: siliciclastic (>60% siliciclastic material); mixed 
(sub-equal proportions of terrigenous and biogenic material); and biogenic (>60% biogenic 
material) (Fig. 3.3). The terrigenous sediments mainly consist of clay- to silt-sized siliciclastics. 
Volcanogenic material, mostly in the form of tephra shards, and coarse (>150 µm) siliciclastic 
minerals and rock fragments typically make up a small (<10%) proportion of the sediment. 
Biogenic sediments largely comprise siliceous diatom frustules (Fig. 3.3c), although other 
microfossils, including sponge spicules, radiolarians, and foraminifera, are present in much 
lower abundances. 
At Site U1345, sediments are more siliciclastic, with diatom content ranging from as 
little as 2%, to a maximum of 78% (average 26.5%). In contrast, sediments at Site U1339 are 
more biogenic in composition; diatom content varies from 10 to 95% (average 58%). Sediments 
at Site U1343 represent something of an intermediate composition between U1345 and U1339, 




Figure 3.3. Microscope images of sediment composition at Bering Sea core sites. (a) siliciclastic 
sediment, Site U1345A 15H-1 32 cm; (b) mixed terrigenous and biogenic sediment, U1339C 
11H-3 101 cm; and (c) biogenic (diatom) sediment, U1339D 11H-6 135 cm. 
 
Grain Size Parameters 
Size Fractions 
Sediments in the Bering Sea contain a wide range of particle sizes, from fine clays to 
coarse sands and gravel. For simplicity, we grouped sediments into four size classes (clay, silt, 
sand, and gravel), based on a modified Udden-Wentworth scale (Table 3.1). Because the 
proportion of grains in each size class varies between samples, grain size distribution plots show 
a range of modal compositions, including polymodal, trimodal, bimodal, and rarely, unimodal, 
although typically, there is always one dominant mode (Fig. 3.4). 
Figure 3.5 shows downcore variations in the volume % of grains in each size class for 
bulk and terrigenous samples. At all three sites, the majority of particles fall within the silt-sized 
(2-63 μm) fraction. The volume % of silt-sized grains is slightly higher for bulk sediments, 
averaging 84.2, 78.7, and 77.7% at sites U1345, U1343, and U1339, respectively, compared to 
71.9, 73.9, and 74.6% for terrigenous sediments (Table 3.3). In bulk sediments, the proportion 
of silt-sized grains is highest at Site U1345, and lowest at U1339; when biogenic material is 
dissolved, this trend is reversed (Fig. 3.5; Table 3.3). Sand (63-2000 μm) is the second most 
abundant size fraction, followed by clay (<2 μm), then gravel (>2000 μm). In bulk sediment 
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samples, the volume % clay is relatively low at all sites, particularly at Site U1345, and the % 
sand is lowest at U1345 and highest at U1339. After removing biogenics, the volume % of clay-
sized grains increases at all sites, and is highest at U1339, and lowest at U1345. In contrast, the 




Figure 3.4. Grain size distribution plots for representative samples from the Bering Sea, showing 





Figure 3.5. % clay (<2 μm, brown), silt (2-63 μm, olive), sand (63-2000 μm, yellow), and gravel 
(>2000 μm, grey) -sized grains for (a) bulk and (b) terrigenous sediments at IODP sites U1345, 





Table 3.3. Grain size averages for bulk (top) and terrigenous (bottom) sediments from IODP 







(μm) Sorting Skewness 
% Clay  
  (>2 μm) 
% Silt  
(2-63 μm) 
% Sand    







20.8 20.3 2.9 -0.01 1.1 84.2 14.5 
17.3 16.8 3.7 -0.03 5.8 78.7 14.9 







(μm) Sorting Skewness 
% Clay  
  (>2 μm) 
% Silt  
(2-63 μm)  
% Sand     







21.7 20.7 4.8 -0.02 6.2 71.9 20.2 
17.4 17.4 4.4 0.02 7.3 73.9 17.9 
12.6 13.6 4.8 0.11 9.6 74.6 15 
 
Statistical Measures 
Here, we use the graphic statistical measures of mean, sorting, and skewness, to 
describe grain size distributions (Table 3.2; Fig. 3.6; Folk & Ward, 1957; Blott & Pye, 2001). It 
should be noted that Blott & Pye (2001) urge caution when using grain size statistics to analyze 
multimodal sediments, suggesting that descriptors provided by the GRADISTAT software (e.g., 
mode, median, distribution spread) may be more reliable. However, as the above statistics are 
routinely used in studies of multimodal marine sediments (e.g., Cronan, 1972; Schlee, 1973; 
McLaren, 1981; Martins & Barboza, 2005; Warrier et al., 2016), we chose to include these 
measures in our analyses. 
Mean grain size was computed by averaging particle sizes at the 16th, 50th, and 84th 
percentile values (Table 3.2; Folk & Ward, 1957). Sorting, or standard deviation, is a measure of 
the spread of particles around the average. We applied the inclusive standard deviation of Folk 
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& Ward (1957), which includes the 5th and 95th percentiles, to define a spread of 1.65 standard 
deviations on either side of the mean (Table 3.2). Skewness is a measure of the asymmetry of 
the grain size distribution. In a normal (symmetrical or near-symmetrical) distribution, the 
mean, median, and mode all coincide. By convention, skewness is measured in phi (ɸ) units, 
where a positive skew indicates a tail in the direction of the fine particles, with the mean and 
median shifted towards finer grain sizes, whilst a negative skew indicates a tail in the direction 
of the coarse particles (McManus et al., 1988; Blott & Pye, 2001; Fig. 3.7). However, logarithmic 
and geometric skewness parameters are inversely related, so to avoid confusion, we replace 
the terms ‘positive’ and ‘negative’, with ‘fine-skewed’, indicating an excess of fine particles, and 
coarse-skewed, indicating a tail of coarse particles (Fig. 3.7; Blott & Pye, 2001). Kurtosis - the 
expression of sorting in the tails relative to the central distribution - is not widely used in grain 
size interpretations, except to measure the non-normality of a distribution (Blatt et al., 1982; 
McLaren, 1981; McManus et al., 1988), so we chose not to examine this parameter. 
Mean grain size values also fall mostly within the silt-sized fraction, except for intervals 
of coarsening centered around 403.5 ka at sites U1345 and U1343 (Fig. 3.6). Overall, mean grain 
size is highest at the northernmost site (U1345) (Table. 3.3). The mean grain size of bulk 
sediments is higher at Site U1339 than at U1343, but for terrigenous sediments, mean grain size 
is higher at U1343 (Table 3.3). In general, mean grain size at sites U1345 and U1343 is similar 
for both bulk and terrigenous sediments, but at Site U1339, bulk sediments are coarser than 






Figure 3.6. Downcore variations in median grain size, mean grain size, sorting, and skewness for 
bulk (solid line) and terrigenous (dashed line) sediments from Bering Sea core sites U1345 
(black), U1343 (blue), and U1339 (red) from 430-365 ka. Sorting and skewness values are 
related to descriptive terms for sorting (poorly sorted [2-4]; very poorly sorted [4-16]) and 
skewness (symmetrical [-0.1 to 0.1]; fine skewed [-0.3 to -0.1]; coarse skewed [0.1 to 0.3]) after 
Folk & Ward (1957). Dots indicate the stratigraphic position of smear slide samples; yellow dots 
are smear slides from Takahashi et al., 2011. Brown bars show ash layers/accessories, and the 
grey panel shows the duration of MIS 11. 
 
 
Figure 3.7. Examples of fine-skewed (U1343A 12H-5 78 cm) and coarse-skewed (U1343C 12H-3 
55 cm) samples. Note that the x-axis is reversed to follow convention. 
 
Sediments range from poorly to very poorly sorted (Fig. 3.6), which makes sense, given 
the broad range of particle sizes. Typically, bulk sediments are better sorted, and more 
symmetrical, than terrigenous, especially at Site U1345 (Table 3.3; Fig 3.6), perhaps because the 
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biogenic particles included in bulk samples have a smaller range of sizes (typically silt to fine 
sand). At all three sites, terrigenous sediments can mostly be described as very poorly sorted 
(Table 3.3; Fig. 3.6). Overall, terrigenous sediments have a more symmetrical distribution at 
sites U1345 (60%) and U1343 (75%), compared to U1339, where only 51% of the samples have 
a symmetrical or near-symmetrical distribution. Average skewness values (0.11) for Site U1339 
indicate that terrigenous sediments at this site are more coarse-skewed (Table 3.3; Fig. 3.6). As 
not all samples are symmetrical, there is some variation between measures of central tendency 
(mean, median, mode), although mean and median grain size plots display broadly similar 
trends (Fig. 3.6).   
 
Discussion 
Interpreting Grain Size Parameters 
Downcore variations in grain size distribution can be used to infer changes in the 
sedimentary environment (e.g., McLaren, 1981; Aiello & Ravelo, 2012; Wang et al., 2015; 
Warrier et al., 2016; Vaughn & Caissie, 2017; Pelto et al., 2018; Stow & Smillie, 2020). In this 
section, we test whether grain size is effective as a proxy for siliciclastic input, sediment 
transport, ice rafting, paleocurrent strength, and paleoproductivity in the Bering Sea. 
Proxy for Sediment Transport and Deposition 
Deposits on the Bering shelf are derived from various continental sources, and 
transported to the shelf by several agents, including wind, rivers, and ice. Accordingly, shelf 
sediments comprise a broad range of size classes, from clay, to coarse sand, gravel (2-64 mm), 
and infrequently, boulders (>64 mm) (Table 3.1). Mean grain size on the Bering shelf is a 
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function of the energy of the depositional environment, and generally decreases with 
increasing depth and distance from the shore. Interestingly, the Bering shelf is one of the few 
continental shelves where sediment is graded and in equilibrium with the present-day current 
regime (Sharma, 1972, 1975; Richwine et al., 2018).  
Shelf sediments may be transported beyond the shelf-slope break by various processes, 
including bottom currents, downslope transport (e.g., debris flows, turbidity flows), and ice 
rafting. The characteristics of these slope deposits are inherited from the source material, but 
may be somewhat altered by the processes occurring during transport and deposition 
(McLaren, 1981). Sediments from our study sites on the Bering slope contain a mix of different 
size classes, and have a multimodal distribution, reflecting the diverse sediment inputs to the 
shelf. In addition, the sediments are poorly to very poorly sorted. The grain size distribution 
suggests that icebergs and/or sea ice are likely transport agents, because ice-rafted debris (IRD) 
typically consists of poorly sorted sediment with a wide range of grain sizes (von Huene et al., 
1973; Krissek et al., 1985; Reimnitz et al., 1998; Lisitzin, 2002; Sakamoto et al., 2005). In 
addition, we cannot ignore the role of current action, which may transport finer grains as 
suspended load, and coarser grains via bed load traction across the seafloor (Stow & Smillie, 
2020), although it should be noted that bottom currents rarely transport particles >63 µm 
(Masson et al., 2004; McCave & Hall, 2006). Turbidity currents can transport much coarser 
material, and in fact, are one of the most important ways by which fine-, medium-, and coarse-
grained materials are transported from the shelf into deeper water (Stow & Smillie, 2020). 
However, the characteristic features of turbidite deposits (e.g., moderate to good sorting, 
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normal grading, abrupt changes in grain size, and clear erosive surfaces), are not apparent at 
any of our core sites.   
The skewness of a deposit reflects the ability of the transport agent to selectively 
remove finer or coarser material. A symmetrical or near-symmetrical distribution may indicate 
a low-energy environment, whereas high skewness values may indicate a large amount of 
sediment reworking (Cadigan, 1961). Sediments may become fine-skewed due to the removal 
of fines by winnowing, or through selective deposition of grains in transport. Alternatively, they 
may become coarse-skewed, due to total deposition of the transported sediment (McLaren, 
1981; Martins, 2003). In general, Bering Sea sediments are either near symmetrical, or slightly 
coarse-skewed (Fig. 3.6), suggesting a relatively low energy depositional environment. At sites 
U1345 and U1343, however, there is an interval from ~408-400 ka where sediments become 
more fine-skewed (Fig. 3.6), which may reflect a change in energy conditions at this time. 
Several factors complicate the use of skewness as a proxy for sediment transport 
processes. Firstly, skewness values often reflect the grain size characteristics of the source 
material, rather than the energy of the transport medium (Andrews & van der Lingen, 1969; 
McLaren, 1981). Secondly, skewness can result from subequal mixing of different grain size 
populations in a multimodal distribution (Folk & Ward, 1957). Lastly, skewness is a metric best 
suited to well sorted, unimodal sediments; indeed, the primary application of skewness in grain 
size studies seems to be in distinguishing between adjacent deposits of well sorted sediments, 
such as dune sands and beach sands (e.g., Friedman, 1961, 1979; Sevon, 1965; McLaren, 1981; 
Martins, 2003; Kaspar-Zubillaga & Carranza-Edwards, 2005; Lopez et al., 2020). Cadigan (1961) 
showed that asymmetry in poorly sorted sediments produces much lower skewness values than 
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in well-sorted sediments. As sediments from the Bering Sea are both poorly sorted and 
multimodal, skewness may have a limited application in this study 
Distinguishing Sediment Facies 
Downcore variations in grain size may be linked to a range of processes that operate in 
deep water to erode, transport and deposit sediments, including gravity-driven, current-driven, 
and vertical settling processes, each of which produce a distinctive type of deposit or sediment 
facies. In general, sediments at the three core sites fit the definition of a hemipelagic facies. 
Hemipelagites are fine-grained (mean 5-35 µm), poorly sorted deposits that comprise a mix of 
biogenic (>10%) and terrigenous and/or volcanogenic material (>10%), in which at least 40% of 
the terrigenous fraction is silt-sized or larger. Hemipelagic sediments are further characterized 
by a wide range of grain size classes, and typically have a multimodal distribution (Stow & 
Smillie, 2020). Hemipelagites are typical of outer shelf and slope settings and are deposited by a 
combination of vertical settling and very slow lateral advection in a low energy environment 
(Stow et al., 1998). Hemipelagic deposition is a continuous process that occurs under more or 
less steady state conditions, although sedimentation rates may vary in response to changes in 
biogenic and terrigenous inputs. As such, undisturbed (hemi)pelagic deposits are ideal 
candidates for paleoceanographic studies. 
At sites U1345 and U1343, there is a coarse interval centered on 403.5 ka (Fig. 3.6, 3.8). 
Sediments from this interval do not match the signature of hemipelagic deposits, and thus 
indicate a change in sediment facies. Based on grain size distribution, and sedimentary 
structures, we suggest that this anomalous interval may be a contourite, a sediment deposited 
or reworked by the persistent action of bottom currents. Specifically, sediments from this 
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interval fit the description of a fine-grained, muddy or silty contourite (Fig. 3.9; Rebesco et al., 
2014; Stow & Smillie, 2020). Fine-grained contourites are a mix of biogenic and terrigenous 
sediment, characterized by poor sorting, unimodal distribution, and a bi-gradational unit in the 
range of 0.5 to 3 m thick (Rebesco et al., 2014; Stow & Smillie, 2020). The ‘coarse interval’ at 
sites U1345 and U1343 is in fact a ~2 m thick bi-gradational sequence, with a coarsening 
upward unit (~408 to 403.5 ka) followed by a fining upward unit (403.5 to ~400 ka) (Fig. 3.8), 
much like the idealized mud-sand contourite depicted in Figure 3.9 (Rebesco et al., 2014). 
Evidence for a contourite is particularly strong at U1345; samples from the coarsest part of the 
deposit at this site represent the only unimodal grain size distribution in the entire record. The 
coarsest deposits at U1343 are not unimodal, likely due to input of poorly sorted IRD during this 
interval (Fig. 3.8). Irregular sandy lenses, sand mottles, sand layers, and indistinct dark 
laminations occur both before and after the bi-gradational sequence at both sites (Fig. 3.8). 
Typically, lenses of coarser material are one of the few sedimentary structures preserved in 
contourite facies, due to the pervasive bioturbation associated with contourites (Stow et al., 
2002; Stow & Faugères, 2008; Stow & Smillie, 2020).  
Historically, contourite processes have been linked to bottom current dynamics, as 
highlighted in Figure 3.9 (Gonthier et al., 1984), however, sediment supply is also a major 
control on the formation of contourite facies (e.g., Michels et al., 2001; Mulder et al., 2013; 
Rebesco et al., 2014). For example, Mulder et al. (2013) showed that the same facies succession 
can be derived in one of two ways: either by the selective removal of fine-grained material 
through winnowing, or from a new supply of coarser grains, which could include material 
transported from upstream contourite drifts, as well as more remote sources, such as rivers. At 
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high latitudes, the process of ice rafting may provide a further supply of coarse, terrigenous 
particles. As sediments at sites U1345 and U1343 become more fine-skewed during the 
contourite, we propose that winnowing is the main control on the development of contourite 
facies on the Bering slope.  
 
 
Figure 3.8. Grain size distribution (mean grain size and sorting) for the contouritic intervals at 
sites U1345 and U1343. The core image shows an example of a sand lens from U1343. 
 
Although evidence for contourite deposits at sites U1345 and U1343 is strong, it is 
somewhat unusual to find a single contourite facies. Most contourites are formed by the action 
of bottom currents, which are strongly influenced by thermohaline and wind-induced 
circulation; as a result, contourite sequences are believed to reflect regular or sub-regular 
periodicities in mean bottom current velocities, driven by larger-scale changes in oceanic and 
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atmospheric circulation, climate, and sea level (Stow et al., 2002; Stow & Smillie, 2020). Stow et 
al. (2002) calculated periodicities for contourite drifts of terrigenous to mixed composition in 
various locations, including the Gulf of Cadiz, Rockall Margin, West Shetlands, and Norwegian 
Margin, and obtained periodicities between 5,000 and 20,000 years. In addition, periodicities of 
20,000-40,000 years have been observed in bioclastic contourites, analogous to the 
Milankovitch cyclicity recognized in many pelagic and hemipelagic deposits, whilst cycles 
between 20 and 200 ka have been estimated for ancient contourite systems (Hüneke & Stow, 
2008; Stow & Faugères, 2008). It is possible that contourites on the Bering slope have longer 
periodicities, such as the 100 ka cycle, but we are unable to resolve such periodicities in a 
~60,000 year record. Alternatively, bottom currents can also operate as part of upwelling and 
downwelling systems, up- and down-canyon currents, internal tides and waves, and seafloor 
polishing and spillover. Such processes may produce isolated examples of contourite facies 
(Faugères & Stow, 2008; Hüneke, 2016).  
The presence of contourite sequences raises some concerns about the validity of the 
existing age models, given that we do not know exactly how the processes responsible for 
contourite formation might influence sedimentation rates, and the input of older, reworked 
sediment to the core sites. However, it has been shown that deposition in contourite drifts is 
mostly continuous, thus enabling good age control (e.g., Voelker et al., 2006; Toucanne et al., 
2007; Mulder et al., 2013). There is no evidence for significantly older, reworked material in our 
deposits; oxygen isotope values of benthic foraminifera from within the contourites are 
consistent with those from the hemipelagic deposits. Although sedimentation rates may be 
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more variable within the contourite sequences, small-scale variations in sedimentation rates 
should not affect our interpretation of the core records on orbital or millennial timescales.  
 
 
Figure 3.9. Idealized bi-gradational mud-sand contourite facies, showing the complete 
sequence of divisions C1-C5, linked to variations in bottom current velocity. From Rebesco et 
al., 2014, based on the original figure by Gonthier, 1984.  
 
 Proxy for Ice Rafting 
Ice rafting is the process by which glaciers and/or sea ice entrain and transport 
terrigenous and near-shore particles far from land. As the ice melts, it releases the entrained 
sediment, which settles through the water column, and accumulates on the seafloor 
(Dowdeswell, 2009). Ice rafting is an important mode of sediment transport at high latitudes 
(Ruddiman, 1977; Gilbert, 1990; Andrews, 2000; Kennish, 2002; Dowdeswell, 2009), and results 
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in deposits of poorly sorted, coarse-grained siliciclastic material, known as ice-rafted debris 
(IRD). In reality, the process of ice rafting can transport a large range of particle sizes, from fine-
grained clays, to coarse sands, gravel, and dropstones (e.g., von Huene et al., 1973; Krissek et 
al., 1985; Reimnitz et al., 1998; Lisitzin, 2002; Sakamoto et al., 2005), but we typically examine 
the coarse fraction in IRD studies, because ice rafting is one of the only mechanisms capable of 
transporting coarse (sand-sized and larger) grains into the open ocean. Other possible 
mechanisms include turbidity currents, and volcanic activity. We see no evidence for turbidites 
at any of the core sites, but volcanogenic material, mostly in the form of fine ash, has been 
identified from visual core descriptions, core images, and smear slide analyses at all three sites 
(Fig. 3.6, 3.10; Takahashi et al., 2011). Ash is most abundant at Site U1339, due to its proximity 
to the main volcanic source of the Aleutian Arc, and is a minor component of the sediments at 
U1345 and U1343 (Fig. 3.6, 3.10; Takahashi et al., 2011). However, there is no consistent 
relationship between the volume % of coarse terrigenous grains and the presence of ash layers 
or accessories (Fig. 3.10), which suggests that volcanogenic material is not a major control on 
grain size. Considering that other transport mechanisms can mostly be ruled out, we feel 
confident interpreting the bulk of the coarse terrigenous grains as IRD. 
IRD is defined as the weight percent, volume percent, or number of terrigenous grains 
within a given size fraction (Dowdeswell, 2009). Here, we examine the volume percent of 
particles in the >150 µm and >250 µm size fractions (Fig. 3.10). Regardless of which measure we 
analyze, IRD is present at all sites throughout almost the entire record. The volume % of grains 
>150 µm averages 6.3%, 5.5%, and 5.4% at sites U1345, U1343 and U1339, respectively; for the 
>250 µm size fraction, average values are 4.4%, 3.4%, and 3.6%, although there is considerable 
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downcore variability at all sites (Fig. 3.10). The highest volume % of coarse grains at sites U1345 
and U1343 falls within the interval that we define as a contourite. In particular, at site U1343, 
the volume % of grains >250 µm is notably high (22.1%) at 403.39 ka (Fig. 3.10). During this 
interval, we are unable to distinguish between IRD and coarse contourite deposits, based on 
grain size alone. However, smear slide analysis of the coarsest sample from Site U1343 revealed 
the presence of very coarse siliciclastic grains, interpreted as IRD (Fig. 3.11). In addition, the 
grain size distribution of this sample is very poorly sorted and resembles the grain size 
distribution of sediments from the Sea of Okhotsk that were deposited under melting sea ice 
(Fig. 3.11; Sakamoto et al., 2005). Ice-rafted material is a passive input into fine-grained 
contourite deposits, and is not subsequently reworked to any great extent by bottom currents 
(Rebesco et al., 2014), therefore, ice rafting may introduce coarser sediments into a fine-
grained contourite deposit, independent of the processes acting to form the contourite facies 
(e.g., Howe et al., 2007; Lucchi & Rebesco, 2007).  
Overall, the IRD records presented here suggest that iceberg and/or sea ice rafting was 
an important source of sediment delivery to the Bering slope throughout MIS 11. Distinguishing 
between iceberg and sea ice rafting processes is critical to understanding the ice rafting history 
of an area, but it can be hard to distinguish iceberg-rafted debris (IRD) from sea ice-rafted 
debris (SIRD), based on grain size alone (St John et al., 2015). Although iceberg-rafted material 
is often considered to be coarser than that transported by sea ice, under certain conditions, 
both icebergs and sea ice are capable of transporting a comparable fraction of coarse 
terrigenous material far offshore (e.g., Nürnberg et al., 1994; Lisitzin, 2002; Darby & 
Zimmerman, 2008; Darby et al., 2011; Mager et al., 2013; St John et al., 2015). However, it 
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should be noted that tidewater glaciers are uncommon in the Bering Sea, especially during 
interglacial periods (Caissie et al., 2016), so it is likely that most of the IRD in our records was 
transported by sea ice.  
 
 
Figure 3.10. % terrigenous clay-sized grains, and % terrigenous grains in the >150 µm, and >150 
µm size fractions, for sites U1345 (black), U1343 (blue), and U1339 (red). Brown bars depict ash 




Figure 3.11. Grain size distribution plot and light microscope image of IRD (magnification 100x) 




Figure 3.12. Mean size sortable silt (10-63 μm) at IODP sites U1345 (black), U1343 (blue), and 
U1339 (red), compared to relative sea level (Rohling et al., 2010). The dashed line represents 
the Bering Strait sill depth (-50 m). The grey panel shows the duration of MIS 11. 
 
Proxy for Paleocurrent Strength 
The mean size of sortable silt (10-63 μm) is used as a proxy for the flow speed of near-
bottom currents in the deep ocean, with coarser deposits reflecting higher flow speeds. 
(McCave et al., 1995, 2017). This particular size fraction is used, because at the upper limit, 
ocean currents rarely transport grains larger than 63 μm (Masson, 2004; McCave and Hall, 
2006), and at the lower limit, particles less than 10 μm tend to behave cohesively (McCave et 
al., 1995; McCave & Hall, 2006). To test whether sortable silt is an effective proxy for current 
strength at our core sites, we examined downcore variations in the mean size of sortable silt 
(SS) (Fig. 3.12), as well as the relationship between SS and the percent sortable silt (SS%). Under 
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a current-sorted regime, SS is positively correlated with SS%, whereas unsorted sediments 
show no correlation (Roberts et al., 2017; McCave & Andrews, 2019).  
 
 
Figure 3.13. Cross-plots of mean size sortable silt versus % sortable silt for (a) sites U1345 
(black), U1343 (blue), and U1339 (red), and (b) contourite deposits from sites U1345 (black) and 
U1343 (blue). 
 
The mean size of sortable silt (calculated for the terrigenous fraction) decreases from 
north to south, from an average of 28.1 μm at Site U1345, to 26.6 μm at U1343, and 25.5 μm at 
U1339. At all sites, SS increases following deglaciation, in line with sea level rise and flooding of 
the Bering Shelf (Fig. 3.12). At U1339, SS stays relatively consistent throughout MIS 11, but at 
sites U1345 and U1343, sortable silt size is more variable, with consistently higher values (>30 
μm) from ~407 to 401 ka (Fig. 3.12). This increase in SS corresponds to the period of contourite 
formation, during which time we might reasonably expect to see an increase in current sorting. 
However, our records suggest the opposite. There is little to no positive correlation between SS 
and SS% at any of our core sites, and in fact, there is a strong negative correlation (R2 = -0.87) 
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during the contouritic interval at Site U1343 (Fig. 3.13), likely due to contamination by unsorted 
IRD. Several studies (e.g., Jonkers et al., 2015; Wu et al., 2018) have suggested that the sortable 
silt proxy is not effective in regions with IRD input, because the input of ice-rafted silt may 
complicate the interpretation of paleocurrent strength. McCave and Andrews (2019) cautioned 
that the sortable silt proxy should only be used to infer current strength if it can be proven, 
based on a positive correlation between SS and SS%, that the sediment is indeed sorted by 
currents. As our records indicate a lack of current sorting (Fig. 3.13), we are unable to use 
sortable silt as a proxy for paleocurrent strength in the Bering Sea. 
 
 
Figure 3.14. Percent diatoms from smear slide analysis versus mean grain size before (closed 
circles) and after (open circles) biosilica digestion for sites U1345 (black) and U1339 (red). 
 
Proxy for Paleoproductivity         
Our records show that silt is the predominant size class in Bering Sea sediments, and 
that the volume % of silt-sized grains is greater for bulk than terrigenous samples (Table 3.3; 
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Fig. 3.5). This suggests that the grain size distribution of bulk sediments may be influenced by 
the abundance of silt-sized biogenic material. In the Bering Sea, diatom frustules are the main 
component of biogenic sediments, and most diatom species in our samples fall within the silt-
sized fraction. Therefore, biosilica digestion has the effect of reducing the volume % of particles 
in the silt size class, which in turn can affect median/mean grain size. Aiello & Ravelo (2012) 
showed that ~40% of variability in the mean grain size of Bering Sea sediments can be explained 
by variations in the abundance and preservation of diatom valves, and to a lesser extent, 
sponge spicules, and suggested that mean grain size provides a rough indication of trends in 
diatom productivity. With this in mind, we examined the relationship between diatom content 
(referring to the relative % abundance of diatom valves in comparison to other sediment 
components) and mean grain size in a subset of samples from sites U1345 and U1339 (Fig. 
3.14). At Site U1339, diatom content explains ~23% of variability in the mean grain size of bulk 
sediments, whereas at Site U1345, there is virtually no correlation between diatom content and 
mean grain size (Fig. 3.14). We postulate that differences between the two sites are linked to 
differences in sediment composition; sediments at U1339 have a higher diatom content, whilst 
biogenic material at Site U1345 is heavily diluted by siliciclastic input, so that diatom content 
has less of an influence on grain size (Aiello & Ravelo, 2012; Kanematsu et al., 2013). Our 
findings differ from those of Aiello and Ravelo (2012), in part because their analyses included 
sediments from Bowers Ridge in the southern Bering Sea, where sediments are less diluted by 
terrigenous matter, but not sediments from U1345. It is also possible that diatom content has 
more of an influence on grain size over glacial-interglacial timescales, and less so at the finer 
resolution of this study.  
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Based on the relationship between diatom content and mean grain size (Fig. 3.14), it is 
clear that diatom content is not a major control on bulk grain size, especially at Site U1345. 
How, then, do we account for the differences in mean grain size between bulk and terrigenous 
samples shown in figure 3.15? Smear slide analyses show that there are additional biogenic 
controls on mean grain size, including the preservation of diatom valves, and the size of 
diatoms within the assemblage (Fig. 3.15, 3.16). If the diatom valves are poorly preserved, or 
fragmented, bulk mean grain size is likely to be smaller, because the sample is dominated by 
clay and/or fine silt-sized diatom fragments, as opposed to larger silt-sized and even sand-sized 
whole diatom valves. Accordingly, sediment will become coarser (mean grain size increases) 
when the finer-grained biogenic material is dissolved (Fig. 3.15). Conversely, if the diatoms are 
well-preserved, sediment may become finer after removing biogenic components in the coarse 
silt range (Fig. 3.15). For similar reasons, the size of diatom valves in the assemblage can also 
influence the mean grain size of bulk sediments (Fig. 3.16). For example, an assemblage 
dominated by small pennate diatoms, such as Neodenticula seminae, is likely to be finer-
grained than a sediment containing large, centric diatoms, such as Coscinodiscus species, which 
can be up to ~200 µm or more in diameter (Sancetta, 1987). Of course, the degree of 
coarsening or fining also depends on the grain size distribution of siliciclastic material. In 
sediments with sub-equal proportions of well-preserved, silt-sized diatoms and silt-sized 
siliciclastics, for example, we might not expect much difference in mean grain size between the 
bulk and terrigenous samples. However, if the sediment were comprised of well-preserved, silt-
sized diatoms, and abundant silt- to sand-sized siliciclastic material, the mean grain size of the 




Figure 3.15. Difference in mean grain size between the two sets of samples (bulk minus 
terrigenous) at sites U1345 (black), U1343 (blue) and U1339 (red). Positive values indicate fining 
of sediment, negative values indicate coarsening. Numbers on the plot correspond to 
numbered microscope images, which relate changes in sediment grain size to sediment 
composition. 1. Coarsening, due to poorly preserved (fragmented) diatoms; 2. Fining, due to 
the presence of coarse silt- and sand-sized diatoms; 3. Coarsening, due to the presence of 
coarse silt to sand-sized siliciclastic minerals; and 4. Coarsening, due to the combined effects of 
low diatom content and high volcanogenic input. The grey panel shows the duration of MIS 11. 
 
Aiello & Ravelo (2012) discussed the importance of diatom preservation on the mean 
grain size of bulk sediments at several sites across the Bering Sea. They found that the mean 
grain size of bulk sediments was coarser during the Holocene and the Last Interglacial, due to 
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relatively high abundances of well-preserved, whole, silt-sized diatom valves. In contrast, 
samples from the Last Glacial Maximum contained poorly preserved, fragmented diatoms, and 
abundant clay-sized particles. Likewise, our smear slide analyses showed more fragmented 
diatoms, corresponding to a slightly lower mean grain size, during the glacial periods (MIS 12 
and 10) within our study timeframe. 
To summarize, mean grain size is not a direct or straightforward proxy for 
paleoproductivity, but at the very least, downcore variations in the mean grain size of bulk 
sediments can be used to infer changes in productivity that occur on glacial-interglacial cycles 
(Aiello & Ravelo, 2012). In addition, when combined with smear slide analyses, grain size 




Figure 3.16. Light microscope image from Site U1339 (U1339C 11H-3 101 cm), highlighting 





In this study, we aimed to show how grain size parameters, including the volume 
percent of grains in various size fractions, as well as the statistical measures of mean grain size, 
sorting, and skewness, can be used to infer past oceanographic conditions at three core sites in 
the Bering Sea. At all three sites, sediments are a poorly sorted, multimodal mix of siliciclastic 
and biogenic sediments, with minor volcanogenic input. The southernmost site, U1339, has 
more biogenic and volcanogenic grains, whilst Site U1345, located on the northern slope, has 
the most siliciclastic input. Sediments at Site U1343 represent an intermediate composition 
between the other two sites. 
Sediments in the Bering Sea can primarily be classified as hemipelagites, making them 
ideal deposits for paleoenvironmental reconstructions. There is no evidence for turbidite 
deposition at any site; however, there is strong evidence for contourite facies deposited 
between ~408-400 ka at sites U1345 and U1343. Contourites are associated with sediment 
reworking through the action of bottom currents, and there is evidence for winnowing of finer 
sediments during this interval, which may complicate paleoclimate interpretations.  
The prevalence of very coarse (>150 um) grains throughout all three records indicates 
that ice rafting is a consistent source of sediment transport to the Bering slope, but we are 
unable to distinguish between iceberg and sea ice rafting processes, based on grain size 
alone. In general, mean grain size can be used to infer productivity on glacial-interglacial 
timescales, however, both the size and the preservation of diatom valves also exert a control on 
mean grain size. Finally, the mean size of sortable silt is not a valid proxy for bottom current 
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strength in the Bering Sea, most likely because the input of ice-rafted silt confounds the 
sortable silt signal. 
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The ongoing decline in Arctic sea ice extent has prompted concerns about the fate of 
sea ice in the future, and the stability of sea ice-dependent ecosystems. Climate records from 
past warm intervals can help us to better understand the interplay between sea ice and primary 
productivity. Marine Isotope Stage (MIS) 11 (424-374 ka) is an interval of prolonged warming 
that represents a close analog to the Holocene with respect to orbital parameters. Here, we 
present a multi-proxy record for MIS 12 to 10 (430-368 ka) from the Integrated Ocean Drilling 
Program (IODP) Site U1339 on the Umnak Plateau in the southeastern Bering Sea. 
Sediment grain size, diatom assemblages, and a new diatom-based proxy for sea ice 
show that MIS 12 is characterized by extensive seasonal sea ice, similar to conditions during the 
Last Glacial Maximum. Sea ice declines during deglaciation, but does not remain low 
throughout MIS 11. In fact, diatoms and ice rafted debris indicate that ice re-advanced across 
the plateau during the interglacial climatic optimum, when sea level and global temperatures 
were still high. In contrast, sea ice is not present at the Umnak Plateau today. We suggest that, 
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during MIS 11, sea ice at the Umnak Plateau may have persisted due to a more easterly and/or 
weaker Aleutian Low.  
Laminated sediments at the boundary between MIS 12 and 11 point toward an interval 
of enhanced seasonal productivity during deglaciation. However, absolute diatom abundances 
and total organic carbon indicate that productivity does not remain high once the interglacial 
stabilizes. The gradual decline in productivity over the course of MIS 11 occurs independently of 
fluctuations in sea ice concentration and upwelling, and instead may be a response to 
increasing nutrient limitation. 
  
Introduction 
Sea ice is a critical component of the global climate system. However, the extent of 
Arctic sea ice has declined substantially over the course of the modern satellite record (1979-
present). The 13 lowest summer sea ice minima have occurred over the past 13 years (2007-
2019), and the extent of thick multi-year ice is also declining rapidly, which further contributes 
to the downward trend in minimum ice extent (IPCC, 2014; Osborne et al., 2018; Perovich et al., 
2019). Climate models indicate that the Arctic Ocean may become seasonally ice-free within 
the next few decades (e.g., Holland et al., 2006; Wang & Overland, 2009; Stroeve et al., 2012; 
Overland & Wang, 2013; Stroeve & Notz, 2018; Screen & Deser, 2019). Alarmingly, the 
magnitude and rate of Arctic sea ice loss today is unprecedented in at least the last 1,500 years 
(Polyak et al., 2010; Kinnard et al., 2011; Halfar et al., 2013; IPCC, 2014).  
The ongoing decline in Arctic sea ice extent has prompted concerns about the fate of 
sea ice in the future and the stability of sea ice-dependent ecosystems. Although satellite data 
91 
 
only extend back to 1979, and observations of sea ice prior to the 1970s are sparse at best, we 
can use proxy records to examine changes in sea ice during previous warm intervals, in order to 
better understand and predict current/future change. Sediment cores from the Bering Sea 
provide us with sub-millennial-scale resolution records of natural variability in sea ice extent 
and associated changes in primary productivity during an interval where climate warmed 
dramatically: the transition from Marine Isotope Stage 12 to the prolonged warmth of Marine 
Isotope Stage (MIS) 11 at ~424 ka. MIS 11 is the most recent interglacial where orbital 
parameters and insolation values were similar to modern values, and so has long been 
considered a suitable analogue for pre-industrial warming during the Holocene (Droxler & 
Farrell, 2000; Berger & Loutre, 2002; Loutre & Berger, 2003; Masson-Delmotte et al., 2006; 
Bowen, 2010). In this paper, we document changes in sea ice extent and primary productivity 
throughout MIS 11 at Integrated Ocean Drilling Program (IODP) Site U1339 (Umnak Plateau, 
Bering Sea), using a multi-proxy approach that includes sediment grain size measurements, 
diatom assemblage counts, and stable isotope analyses. The sea ice records produced as part of 
this work will help to put modern sea ice decline into a longer-term context, and will also help 
to elucidate the relationship between diatom productivity and sea ice extent. 
 
Background 
Marine Isotope Stage 11 
Throughout the Pleistocene, there have been interglacial periods of exceptional warmth 
known as ‘super-interglacials’ (Melles et al., 2012). MIS 11 (424-374 ka) is one such period, and 
has, in fact, been recognized as the longest (and potentially the warmest) interglacial of the 
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past 500 ka (Fig. 4.1; Hodell et al., 2000; Berger & Loutre, 2002; Lisiecki & Raymo, 2005; Rohling 
et al., 2010). In addition, it is the most recent interglacial period when orbital parameters were 
similar to today; eccentricity was low, obliquity was high and the amplitude of precessional 
changes was dampened (Berger & Loutre, 2002; Droxler et al., 2003; Loutre & Berger, 2003). 
Relatively high atmospheric CO2 concentrations of 275 ppm (Petit et al., 1999; Siegenthaler et 
al., 2005; Lüthi et al., 2008; Bereiter et al., 2015) contributed to the extreme warmth recorded 
in the proxy record; MIS 11 would otherwise have been much cooler, due to low insolation 
values throughout (Fig. 4.1; Yin & Berger, 2011). The interglacial climatic optimum (MIS 11c) 
lasted in the order of 10-30 ka and was characterized by higher than present sea level (Raymo 
& Mitrovica, 2012; Dutton et al., 2015), enhanced carbonate plankton blooms at high latitudes 
and the expansion of coral reefs (Droxler & Farrell, 2000). During MIS 11c, Antarctic 
temperatures were up to 2°C warmer than today (Jouzel et al., 2007), boreal forest extended 
across southern Greenland (de Vernal & Hillaire-Marcel, 2008; Kleinen et al., 2014) and large 
lakes in Siberia were anomalously productive (Prokopenko et al., 2010; Lozhkin and Anderson, 
2013).  
Despite the work done to characterize the warmth of MIS 11 on land (e.g., Droxler et al., 
2003; Ashton et al., 2008; Candy, 2009; Candy et al., 2014; Kleinen et al., 2014; Tye et al., 2016), 
as well as in the North Atlantic (e.g., Kandiano & Bauch, 2007; Dickson et al., 2009; Poli et al., 
2010; Voelker et al., 2010; Bauch, 2012; Kandiano et al., 2012, 2017; Milker et al., 2013), less is 
known about this interval from the North Pacific region. This project is one of the first studies to 
describe sub-millennial-scale changes in sea ice extent in the Bering Sea during MIS 11. It builds 
on recent work by Caissie et al. (2016) on orbital- and millennial-scale changes in productivity 
93 
 
and sea ice extent at the Bering Sea shelf-slope break (IODP Site U1345) from MIS 12 to 10, and 
on work by Vaughn and Caissie (2017), in which the authors investigate the effects of sea ice 
extent on primary productivity in the southeastern Bering Sea (Site U1339) during MIS 5. 
 
 
Figure 4.1. Orbital cycles and global climate records of the past ~500 ka. (a) Orbital eccentricity 
(Laskar et al., 2011); (b) northern hemisphere summer insolation at 65°N (Laskar et al., 2004); 
(c) benthic foraminiferal δ18O records (the LR04 stack, Lisiecki & Raymo, 2005); (d) compilation 
of atmospheric CO2 from Antarctic ice cores (Bereiter et al., 2015, and references therein); and 
(e) relative sea level in meters above or below present (Rohling et al., 2010). The grey bars 





Located between Russia and Alaska, the Bering Sea is the northernmost marginal sea of 
the Pacific Ocean, and the third largest marginal sea in the world. The Bering Sea is divided 
from the North Pacific by the Aleutian Island Arc (Fig. 4.2), but water mass exchange occurs 
through passes in the Aleutian Islands, linking Bering Sea conditions to those of the Pacific 
(Stabeno et al., 1999). Warm, nutrient-rich surface currents, derived from inflow of the Alaskan 
Stream (Fig. 4.2), fuel the highly productive Bering Sea ecosystem. As the sole gateway between 
the Bering Sea and the Arctic Ocean, inflow of Pacific water through the Bering Strait (Fig. 4.2) is 
an important source of heat, freshwater and nutrients to the Arctic (Walsh et al., 1989; Stabeno 
et al., 1999; Grebmeier et al., 2006; Woodgate et al., 2010). Closure of the Bering Strait during 
glacial lowstands isolates the North Pacific from the North Atlantic, causing major changes in 
global ocean circulation, salinity, and nutrient distributions (e.g., Okazaki et al., 2010; Hu et al., 
2012, 2015; Knudson & Ravelo, 2015; Caissie et al., 2016). 
Because of its unique topography and location, the Bering Sea is well situated for the 
study of past changes in sea ice extent. Sediment core records dating back to the Pliocene hint 
at significant regional variability in sea ice regimes across the Bering Sea (e.g., Cook et al., 2005; 
Katsuki & Takahashi, 2005; Caissie et al., 2010, 2016; Takahashi et al., 2011; Kanematsu et al., 
2013; Stroynowski et al., 2015; Onodera et al., 2016; Teraishi et al., 2016; Detlef et al., 2018). 
On shorter timescales, for example, sea ice appears to be relatively stable at the shelf-slope 
break, even during times of significant climate transition (Caissie et al., 2016), but elsewhere in 
the Bering Sea ice has fluctuated considerably, expanding southward during glacial periods, 
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retreating to its present limit (Cook et al., 2005; Katsuki & Takahashi, 2005; Caissie et al., 2010) 
or even further north (Kaufmann and Brigham-Grette, 1993) during interglacials.  
 
 
Figure 4.2. Map of Beringia, showing the position of IODP Site U1339 (green star), and other 
sites referred to in the text. The dashed line shows the maximum extent of sea ice today 
(median over the period 1979-2013) (Cavalieri et al., 1996). Currents (shown in blue) are 
modified from Stabeno et al. (1999). Abbreviations include: Alaska Coastal Current (ACC), 
Aleutian North Slope Current (ANSC), Bering Slope Current (BSC), Bering Strait (BS), Umnak 
Plateau (UP), and Unimak Pass (UkP). Grey bathymetric shading changes value at -50 m (Bering 




Core Site Location 
Integrated Ocean Drilling Program (IODP) Site U1339 is located on the Umnak Plateau in 
the southeastern Bering Sea, at a water depth of approximately 1870 m (Fig. 4.2; Takahashi et 
al., 2011). The Umnak Plateau is erosionally isolated from the continental slope by the 
submarine Bering Canyon (Scholl et al., 1968). Surface and intermediate water flow in the 
region is influenced by the Alaska Coastal Current (ACC), and by the Aleutian North Slope 
Current (ANSC), which is derived from inflow of the Alaskan Stream (AS), and which provides an 
important nutrient source for marine ecosystems in the southeastern Bering Sea (Reed & 
Stabeno, 1999; Stabeno et al., 1999, 2009; Mordy et al., 2005). These relatively warm currents 
inhibit the formation of sea ice in the Umnak Plateau region today (Fig. 4.2). However, there are 
several lines of evidence for substantial sea ice coverage at the Umnak Plateau during the Last 
Glacial Maximum (LGM) and previous glacial intervals (e.g., Sancetta et al., 1985; Katsuki & 





Cook et al. (2016) constructed an age model for site U1339 by aligning the δ18O values 
of the benthic foraminifera species Uvigerina peregrina, Uvigerina senticosa and Elphidium cf. 
batialis to the Lisiecki & Raymo (2005) global benthic foraminiferal stack (LR04) (Table 4.1; Fig. 
4.3). They identified Marine Isotope Stages by selecting depths at the mid-point of transitions 
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between glacials and interglacials in comparison to LR04. Dates for individual samples were 




Table 4.1. Age-depth tie points used in the age model for Site U1339. 
  
Global Stack (Lisiecki et al., 2005) Site U1339 (Cook et al., 2016) 
Stage End (ka) Start (ka) Top (CCSF-m) Bottom (CCSF-m) 
M        MIS 1 0 14 -0.5 ± 1 3.5 ± 0.5 
MIS 5 71 130 20.5 ± 1 34.6 ± 1 
MIS 7 191 243 54.2 ± 1 70.5 ± 1.5 
MIS 9 300 337 83.2 ± 2 91.8 ± 1 
MIS 11 374 424 98.5 ± 1 112 ± 1.5 




Figure 4.3. Benthic foraminiferal δ18O record from Site U1339 (red, Cook et al., 2016), aligned 
with the global LR04 stack (black, Lisiecki & Raymo, 2005). Grey bars denote interglacial stages 
11-1.  
 
The δ18O record for Site U1339 is only tied to the global stack at the beginning and end 
of MIS 11, and so we have low confidence in the exact timing of peak interglacial conditions. 
We attempted to improve the existing age model by aligning the U1339 magnetic susceptibility 
record to the well-dated record from site U1343 (Asahi et al., 2016), using the intra-site 
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correlation age modeling (iscam) program in MATLAB (Fohlmeister, 2012; Appendix A, Fig. A.1). 
However, this approach did not yield reliable tie points, so we use the original age model in this 
work. Considering the oxygen isotope sampling resolution, in addition to the stated error of 4 
kyr in the LR04 dataset, the uncertainty of the age model for site U1339 is probably several 
thousand years (Lisiecki & Raymo, 2005; Cook et al., 2016). Therefore, we urge caution when 
comparing millennial-scale changes at this site with high resolution MIS 11 records from other 
sites.  
Sediment Sampling 
Sediment cores used in this work were retrieved from the Umnak Plateau Site U1339 
during IODP Expedition 323 to the Bering Sea in 2009 (Fig. 4.2), using an advanced piston corer 
(Takahashi et al., 2011). As this study is focused on records from MIS 11, sediments from the 
primary splice (holes U1339C and U1339D) were sampled from depths of 96.87 to 113.3 m 
below the seafloor (CCSF-m). The sampling interval spans from 430 to 365 ka, and encompasses 
the entirety of MIS 11, as well as parts of the glacial stages 12 and 10 (Table 4.1). Table 4.2 
shows the depths and ages of major climate intervals referred to in the text (Lisiecki et al., 
2005; Kandiano et al., 2012; Cook et al., 2016; PAGES Past Interglacials Working Group, 2016). 
 
 
Table 4.2. Depths and ages of major climate intervals referred to in the text. 
 
Interval Top (CCSF-m) Bottom (CCSF-m) End (ka) Start (ka) 
           MIS 10 96.87 98.5 365 374 
Late MIS 11 98.5 104.98 374 398 
Peak MIS 11 (11c) 104.98 110.92 398 420 
Deglaciation/Early MIS 11 110.92 112 420 424 
Termination V 112 424 
MIS 12 112 113.3 424 430 
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Grain Size and Sedimentological Analyses 
Published Records 
In this study, we use previously published grain size records and smear slide data from 
Site U1339 (Chapter 3). Grain size was measured every ~5.5 cm, for an average temporal 
resolution of 220 years. Measurements were made on bulk sediments, and on the terrigenous 
fraction of the sediment, after removing organic, biogenic and carbonate material (see Chapter 
3 for detailed methodology). In addition, we refer to shipboard core descriptions (Takahashi et 
al., 2011) and smear slide counts (Chapter 3) in our interpretations. Shipboard core descriptions 
were used as a basis to characterize primary sediment lithologies, whilst smear slide counts 
enabled a more in-depth analysis of sediment composition. 
Wet Sieving 
A subset of samples (n=34) were washed over 63 μm and 150 μm sieves, and oven-dried 
at 60°C. Quartz grains (a proxy for ice rafting) were picked from the >150 μm size fraction, using 
a Nikon stereomicroscope. We also recorded the number of foraminifera in both the 63-150 μm 
and the >150 μm size fractions. 
Diatom Analyses 
57 quantitative diatom slides (~1100-year temporal resolution) were prepared following 
the revised methods of Warnock and Scherer (2015) and counted based on the methods of 
Schrader and Gersonde (1978). At least 300 diatom valves (plus Chaetoceros resting spores) in 
at least 3 random transects were counted, using a Nikon ECLIPSE Ni transmitted light 
microscope at a magnification of 1000x. Transect lengths were measured with a stage 
micrometer. Where possible, diatoms were identified to species level, using published 
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taxonomic descriptions and images (Fryxell & Hasle, 1972; Koizumi, 1973; Sancetta, 1982; 
Medlin & Priddle, 1990; Witkowski et al., 2000; Onodera and Takahashi, 2007; Lundholm and 
Hasle, 2010). Species were then grouped according to their preferred ecological niche (modified 
from Caissie et al., 2016, and references therein). In addition, a quantitative, diatom-based 
proxy for sea ice concentration (Nesterovich and Caissie, in review) was applied to the diatom 
record.  
Stable Isotope Analyses 
Carbon and nitrogen isotopes from 60 bulk (non-acidified) and 60 organic (acidified) 
sediment samples (~1000-year temporal resolution) were measured in the Stable Isotope Lab at 
Iowa State University using a Delta XL Plus Mass Spectrometer in continuous flow mode 
coupled with a Costech Elemental Analyzer. Prior to analysis, samples were ground into a fine 
powder using a mortar and pestle, and one set of samples was treated with 1 M HCl to remove 
inorganic carbon. Reference standards (Caffeine [IAEA-600], IAEA-N2, Cellulose [IAEA-CH-3}, 
and lab standard Acetanilide were used for isotopic corrections. The combined uncertainty is ± 




Sedimentation rates for marine isotope stages 12 through 10 were calculated based on 
the age-depth tie points in Table 4.1 (Cook et al., 2016). Sedimentation rates at Site U1339 
range from 18 to 27 cm/kyr−1, and are highest during MIS 11, although the difference in average 




Figure 4.4. Lithostratigraphic column for site U1339, based on shipboard core descriptions and 
smear slide analyses (Takahashi et al., 2011; Chapter 3). Column width varies according to the 
median grain size of bulk sediments (Chapter 3). Colors represent the proportion of diatoms in 
the sediment: silt/clay with 10-40% diatoms (olive); silt/clay with 40-60% diatoms (dark green); 
silt/clay with >60% diatoms (yellow); laminated sediments (pale green). Blue circles indicate the 
presence and open circles indicate the absence of quartz grains >150 µm in the subset of 
samples picked for quartz grains. The grey side bar shows the duration of MIS 11. 
 
Sediments at Site U1339 are a mix of biogenic, siliciclastic and volcaniclastic (mostly fine 
ash) components (Fig. 4.4). Sediment is predominantly biogenic, composed largely of siliceous 
diatom frustules, with lesser amounts of other microfossils such as foraminifera, radiolarians 
and silicoflagellates. Foraminifera typically have low abundances in the Bering Sea (Takahashi et 
al., 2011), but are present in large numbers at Site U1339 from ~422 to 418 ka. The biogenic 
materials are mixed with small amounts of tephra and varying amounts of siliciclastic 
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sediments, mostly clay and silt, but also including sand-sized minerals and rock fragments, 
gravel, and pebble-sized clasts that are interpreted as ice-rafted debris (IRD) (Fig. 4.4; Takahashi 
et al., 2011; Chapter 3). Quartz grains >150 μm are consistently present throughout the record, 
save for the interval from 421 to 418.5 ka (Fig. 4.4). It should be noted that samples from this 
interval contain large numbers of foraminifera, which may have diluted the IRD signal.  
Throughout most of Marine Isotope Stage 11, sediments alternate between biogenic 
material (silt/clay with >60% diatoms, or diatom ooze) and subequal proportions of biogenic 
and siliciclastic material (silt/clay with 40-60% diatoms). However, after ~379 ka, the biogenic 
content of the sediment decreases, with sediments composed of silt/clay with 10-40% diatoms 
(Fig. 4.4). Ash layers are observed at ~421.5 and ~411 ka, but volcanogenic material at Site 
U1339 is more frequently present as an accessory or trace lithology (Takahashi et al., 2011). 
During deglaciation, laminated sediments are deposited over a ~2000-year interval, 
from 422.3 to 420.2 ka (Fig. 4.4). The laminated sediments consist of alternations between mm-
scale dark (more terrigenous) and light (diatom-rich) laminae (Harbour, 2019). Such features 
are most likely to be preserved under hypoxic or anoxic conditions, when oxygen 
concentrations at the sediment-water interface are low enough to inhibit sediment mixing by 
benthic organisms (Calvert, 1964; Kemp, 1996; Pike & Kemp, 1999; van Geen et al., 2003; 
Schimmelmann et al., 2016). 
Diatoms 
Full Diatom Assemblage 
More than 90 diatom taxa were identified across 57 samples (Appendix A, Table A.1). 
The assemblage is dominated by Chaetoceros and Thalassiosira antarctica resting spores (RS), 
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with smaller amounts of Fragilariopsis cylindrus, Thalassiosira gravida, Thalassiosira 
nordenskioeldii, Dentonula confervacaea, Actinocyclus curvatulus, Shionodiscus trifultus, 
Shionodiscus oestrupii, Neodenticula seminae, Thalassionema nitzschioides, Coscinodiscus spp., 
Rhizosolenia hebetata, and Thalassiosira jouseae (Fig. 4.5). The number of taxa per sample 
ranges from 29 to 51, with an average of 37 taxa. 
 
 
Figure 4.5. Relative % (area plots) and absolute (line plots) abundances of diatom taxa that 
make up more than 10% of any assemblage. Note that we use Chaetoceros-free counts in all 
relative % abundance records, with the obvious exception of Chaetoceros RS: full counts can be 
found in Appendix A, Fig. A.2. Taxa are grouped by environmental niche: sea ice (dark blue); 
neritic (brown); dicothermal (light blue); warmer water (red); North Pacific indicator (orange); 
summer bloom (light green); other (grey); and Chaetoceros RS (dark green). The final line plot 
shows the total number of diatom valves per gram of sediment. Note the different scale for 
absolute abundances of Chaetoceros RS and all diatom valves. The grey panel indicates the 




The Margalef diversity index, a measure of species richness (Maurer and McGill, 2011), 
shows a decrease in the number of taxa during deglaciation (Fig. 4.6). Overall, species richness 
is highest during glacial stages 12 and 10, and increases gradually throughout MIS 11, although 
there is considerable downcore variability. Species evenness, as reflected by the Simpson 
diversity index, is highly variable throughout the core (Fig. 4.6). A Simpson value of 1 indicates 
that each taxon is present in equal abundance, whereas values close to 0 indicate that a single 
species dominates the assemblage, which could signify a strong dissolution signal (Maurer and 
McGill, 2011). In general, the Simpson index is closer to 1 throughout the record (mean value of 
0.83), but there are several periods where Simpson values decrease, most notably during the 
laminated interval from ~422-420 ka, and again between ~403.5-400 ka (Fig. 4.6). These 
declines in species evenness reflect intervals where Chaetoceros RS dominate the assemblage. 
 
 
Figure 4.6. Margalef (black) and Simpson (green) diversity indices. The grey panel shows the 




Absolute diatom abundances (total number of valves per gram of sediment) vary from 
106 to 108 diatoms per gram, with values 1-2 orders of magnitude higher (108) during the 
laminated interval, compared to massive intervals (Fig. 4.5). Diatom abundances increase 
during deglaciation and reach a peak towards the end of the laminated interval (420.74 ka), 
then gradually decline throughout the record. In general, diatom abundances are higher during 
MIS 11, and lowest during glacial stages 12 and 10 (Fig. 4.5). For the most part, absolute 
abundances follow the same trend as relative abundances (Fig. 4.5); for this reason, we chose 
to focus on relative percent abundances in our interpretations. 
Niche Groupings 
Diatoms are valuable tools in paleoenvironmental reconstructions, because individual 
species have specific and unique ecological requirements with respect to temperature, salinity 
and other environmental variables. In this study, we group together diatoms with similar 
environmental preferences to infer paleoceanographic conditions at IODP Site U1339 from MIS 
12 to 10 (Table 4.3; modified from Caissie et al., 2016). We use Chaetoceros-free counts in the 
majority of our interpretations, because the extremely high abundances of Chaetoceros RS in 
sediments at Site U1339 dominate the assemblage, and mask trends in other, less abundant 
species (see also Sjunneskog & Scherer, 1997; Leventer et al., 2002; Allen et al., 2005). Full 
counts can be found in Appendix A, Figs. A.2 and A.3).  
The full diatom assemblage is clearly dominated by Chaetoceros RS, which make up 
between 10 and 72% of the assemblage. Resting spores of Chaetoceros are more readily 
preserved in sediments than the vegetative cells, which are weakly silicified, easily dissolved, 
and easily fragmented (Kanaya & Koizumi, 1966). Relative % abundances of Chaetoceros RS are 
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highest during the laminated interval, with a second peak from 403.5 to 401.9 ka. Total 
abundances of Chaetoceros RS are strongly coupled with total diatom abundances (correlation 
coefficient of 0.9) (Fig. 4.5).  
 
 
Table 4.3. Subset of Bering Sea diatom species observed in this study, grouped by environmental 
niche (modified from Caissie et al., 2016). 
 
Sea Ice Dicothermal Summer Bloom       Freshwater 
Bacterosira bathyomphala Actinocyclus curvatulus Coscinodiscus spp.  Aulacoseira spp. 
Fossula arctica Shionodiscus trifultus Proboscia curvirostris Eunotia spp. 
Fragilariopsis cylindrus 
 
Rhizosolenia hebetata Lindavia cf. ocellata 
Fragilariopsis nana Warmer Water Rhizosolenia spp. Lindavia radiosa 
Fragilariopsis oceanica Asteromphalus robustus 
  
Fragilariopsis reginae-jahniae Azpetia tabularis High Productivity Neritic 
Porosira glacialis Shionodiscus oestrupii Chaetoceros RS Actinoptychus spp. 
Sinerima marigela Thalassiosira binata Odontella aurita Cymatosira spp. 
Synedropsis hyperborea Thalassiosira eccentrica Thalassiosira pacifica Dentonula confervacaea 
Thalassiosira angulata Thalassiosira symmetrica Thalassiothrix longissima Diploneis smithii 
Thalassiosira antarctica RS 
  
Diploneis spp. 
Thalassiosira decipiens North Pacific 
 
Entomoneis spp. 











In Chaetoceros-free counts, sea ice-associated diatoms, including Bacterosira 
bathyomphala, Fragilariopsis cylindrus, Fragilariopsis reginae-jahniae, Fossula arctica, 
Thalassiosira antarctica, Thalassiosira gravida, Thalassiosira hyalina, and Thalassiosira 
nordenskioeldii, are the most abundant niche group. Sea ice diatoms comprise a large, albeit 
variable, proportion of the assemblage, ranging from 7% to a maximum of 62% (Fig. 4.7). There 
is a marked decline in sea ice diatoms at the onset of MIS 11, and another short-lived decline 
~400 ka, but the percentage of sea ice species does not remain low throughout MIS 11 (Fig. 
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4.7). From 417 to ~402 ka, the relative percent abundance of the sea ice diatom group 
increases, with a peak centered on the interval from 403.5 to 401.9 ka (Fig. 4.7). A second, 
short-lived peak occurs during late MIS 11 (~391 ka), but for the most part, the % abundance of 
sea ice diatoms is relatively stable after ~398 ka (Fig. 4.7).  
 
 
Figure 4.7. Relative percent abundances of diatoms grouped by environmental niche: sea ice 
(dark blue); neritic (brown); dicothermal (light blue); warmer water (red); North Pacific 
indicator (orange); high productivity (yellow); and Chaetoceros RS (dark green). Note that we 
use Chaetoceros-free counts in all relative % abundance records, with the obvious exception of 
Chaetoceros RS: full counts can be found in Appendix A, Fig. A.3. Also shown is sea ice 
concentration (including upper and lower limits), derived from a quantitative, diatom-based sea 
ice proxy (Nesterovich and Caissie, in review). The grey panel shows the duration of MIS 11 
(424-374 ka) and the green bar represents laminated sediments.  
 
Neritic and freshwater diatoms reflect shelf to basin transport. Freshwater diatoms 
make up a relatively small (0-2.3%) proportion of the assemblage at Site U1339, whereas neritic 
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diatoms range from 2 to 42%. On average, neritic diatoms comprise <10% of the assemblage, 
but there is an interval from ~395 to 392 ka where the % abundance of the neritic species D. 
confervacaea remains consistently high (>20%) for approximately 3000 years (Figs. 4.5, 4.7).  
The dicothermal layer is a cold layer of water located between seasonally warm surface 
and warmer deep waters. In the Bering Sea today, the formation of the dicothermal layer is 
associated with melting sea ice. Overall, the percentage of the dicothermal indicator species A. 
curvatulus and S. trifultus is lowest during stages 12 and 10, increases during deglaciation, and 
is highly variable throughout MIS 11, ranging from 3.3 to 21.9 % of the assemblage.  
Diatoms associated with warmer water (mostly S. oestrupii) are present in relatively low 
abundances (<10%) for most of the record (Figs. 4.5, 4.7). Two species (N. seminae and T. 
nitzschioides) are used here specifically as tracers of warm, nutrient-rich North Pacific Water 
(NPW) (Abrantes et al., 2007; Miettinen, 2013; Lopes & Mix, 2018). Although North Pacific 
indicator species are more abundant than warm water diatoms, the two groups follow broadly 
similar trends (Fig. 4.7). Relative percent abundances of North Pacific indicator species increase 
at the onset of MIS 11, with an abrupt decline from 403.5 to 401.9 ka, consistent with a drop in 
the percentage of warm water species. This is followed by a peak in North Pacific indicator 
species and a corresponding increase in warm water species around 400 ka (Fig. 4.7). 
High productivity indicator species (mainly Odontella aurita and Thalassiothrix 
longissima) are present in low abundances throughout most of the record (Fig. 4.7). 
Chaetoceros RS are also a taxon associated with high productivity environments, but are 
presented separately from other high productivity indicators, because of their association with 




We used a quantitative, diatom-based proxy, based on a 5 species General Additive 
Model (Nesterovich and Caissie, in review), to estimate spring (March, April, May, June) sea ice 
concentrations at Site U1339. For the most part, sea ice concentrations follow the same general 
trend as the sea ice diatom group. Sea ice concentration is highly variable throughout the 
record, ranging from 7 to 89% ice cover. Sea ice concentration is mostly high (>50%) during late 
MIS 12, and declines with the onset of deglacial warming, reaching its lowest concentration 
around 413 ka, although this is by no means a linear decline (Fig. 4.7). There is a peak in sea ice 
concentration from 403.5 to 401.9 ka, consistent with an increase in sea ice diatoms during the 
same interval (Fig. 4.7). 
Geochemistry 
Carbon Content 
Total carbon follows roughly the same trend as absolute diatom abundances, with the 
highest values occurring during the laminated interval, and an overall decline throughout MIS 
11 (Fig. 4.8), indicating a strong positive relationship between diatom productivity and carbon 
export at Site U1339. Total organic carbon (TOC) values are highest (1.5%) during the laminated 
interval, compared to 0.7% for the entire record. TOC declines after deglaciation, reaching a low 
of 0.4% by 416 ka. Overall, TOC is consistently lower during MIS 12 and 10, and considerably 
more variable during MIS 11 (Fig. 4.8).  
Inorganic carbon (i.e., the % CaCO3), is also highest during the laminated interval, 
consistent with an increase in foraminifera, and other calcareous microorganisms (Takahashi et 
al., 2011). For the most part, the % inorganic carbon (IC) is lower than the % TOC, save for the 
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interval from 391.6 to 391.1 ka, where there is a peak in IC at the same time that TOC drops to 
its lowest value, and δ13C values become more negative. It is possible that this shift could be 
attributed to the presence of an authigenic carbonate nodule, as authigenic dolomite, which is 




Figure 4.8 Summary of elemental and isotopic carbon and nitrogen analyses, and related 
diatom proxies (a) percent total carbon; (b) percent organic carbon; (c) % inorganic carbon; (d) 
δ13C of organic matter; (e) total diatom abundances (valves per gram); (f) relative % abundance 
of Chaetoceros RS; and (g) bulk sedimentary δ15N. The grey panel shows the duration of MIS 11 







Figure 4.9. Cross-plots showing (a) total organic carbon vs. total nitrogen; (b) δ13C vs. TOC/N; 
and (c) δ13C vs. δ15N. Grey boxes identify endmember values for likely sources of OM to the 
Bering Sea, which include marine phytoplankton (C/N: 5 to 7 [Redfield, 1963; Meyers, 1994], 
δ13C: -22 to -19‰, and δ15N: 5 to 8‰ [Walinsky et al., 2009]); ice algae (δ13C: -20.5 to -18.5‰, 
and δ15N: 3.5 to 5.5‰ [Schubert & Calvert, 2001]); soil (C/N: 10-12, δ13C: -26.5 to -25.5‰, and 
δ15N: 0 to 1‰ [Walinsky et al., 2009]); C3 vascular plants (C/N: > 20 [Redfield, 1963; Meyers, 
1994], δ13C: -27 to -25‰ [Schubert and Calvert, 2001], and δ15N: 0 to 1‰ [Walinsky et al., 




Organic Matter Source 
 Cross-plots of carbon, nitrogen, and their isotopes can be used to help identify sources 
of organic matter (OM) to the study site. The majority of samples comprise a mixture of 
terrigenous OM from soils and C3 plants, and marine OM from phytoplankton (Fig. 4.9). δ13C 
values range from -24.8‰ to -20.4‰ VPDB, with an average value of 23.4‰ (Figs. 4.8, 4.9). 
During the laminated interval, δ13C values plot closer to those of marine phytoplankton (-20 to -
22‰) and ice algae (-18.5 to -20.5‰) and remain high (>-23‰) for a period of ~6000 years 
(423.7-417.6 ka). There is no substantial difference between the glacial and interglacial stages 
in terms of average δ13C, although the record is considerably more variable throughout MIS 11 
(Fig. 4.8). Whilst OM is never fully terrestrial, there are several discrete intervals during MIS 11 
when δ13C values plot close to those of terrestrial OM (-25 to -27‰) (Figs. 4.8, 4.9).  
Bulk sedimentary δ15N values range from 0.8 to 7.3‰ (Fig. 4.8g). On average, δ15N is 
slightly lower during MIS 12 and 10 (4.7 and 4.3‰, respectively), compared to an average of 
5‰ during MIS 11. After ~387 ka, there are several large and irregular excursions towards both 
high and low δ15N values (Fig. 4.8). Bulk sediments may contain a significant fraction of 
inorganic nitrogen, adsorbed onto clay particles or incorporated into the crystal lattice of 
potassium-rich clays such as illite. This is a common occurrence in Arctic sediments, which 
typically have a high illite content (Schubert and Calvert, 2001; Drenzek et al., 2007; Stein, 
2008). The presence of inorganic nitrogen complicates the interpretation of nitrogen records, 
because it lowers C/N ratios and δ15N values. A regression analysis (Fig. 4.9a) shows that total 
organic carbon is significantly correlated with total nitrogen (R2 = 0.71), but the positive y-
intercept (0.05) indicates that sediments at Site U1339 contain a sizable fraction of inorganic 
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nitrogen (Fig. 4.9a; Schubert & Calvert, 2001). The y-intercept remains positive when plotted 
separately for MIS 12, 11, and 10, so no single interval is without the influence of inorganic 
nitrogen. The presence of inorganic nitrogen is also seen in the cross plot of δ13C versus organic 
C/N (Fig. 4.9b). Without the complicating factor of inorganic nitrogen, we would expect to see a 
negatively sloping trend line, reflecting mixing between the marine and terrestrial end 
members. Instead, the samples have a positive slope, due to the low C/N ratios. The low (2-
4‰) δ15N values associated with clay-bound nitrogen may result in samples having a lower δ15N 
signal than expected, in comparison to mean ocean δ15N of ~5‰ (Sigman et al., 2000). 
Conversely, the process of denitrification, which is widespread today in the Bering Sea, can 
leave the nitrate pool enriched in δ15N, which ultimately results in higher (>5.5‰) sedimentary 
δ15N values (Brunelle et al., 2007). The highly variable nitrogen values at site U1339 are likely 
driven by a combination of denitrification and the presence of inorganic nitrogen. We therefore 
conclude that bulk sedimentary nitrogen is not a reliable proxy for organic carbon source 
(marine vs. terrestrial) or nitrogen utilization at Site U1339. 
 
Discussion 
Sea Ice at the Umnak Plateau 
Sea Ice History 
MIS 12 (474-424 ka) is considered one of the most severe glaciations of the Quaternary 
(McManus et al., 1999; Stein et al., 2009; Rodrigues et al., 2017; Koutsodendris et al., 2019). 
During Late MIS 12 (430-424 ka in this record), insolation, atmospheric CO2, and relative sea 
level begin to increase, although sea level does not cross the -50 m threshold until the 
114 
 
deglaciation (Fig. 4.10). Both diatom assemblages and the diatom proxy indicate a period of 
relatively high ice cover (>60%) during this time, implying a longer duration of seasonal sea ice. 
Grain size analyses (Fig. 4.10; Chapter 3) show that the relative proportion of terrigenous clay is 
highest during MIS 12, whereas the relative proportion of coarse (>150 µm) terrigenous grains, 
interpreted as IRD, is low (Fig. 4.10). Sea ice is known to transport terrigenous clay, so it is 
tempting to attribute the increase in clay-sized grains to enhanced ice-rafting during glacials. 
However, it has been shown that glacial periods were both drier and dustier (McGee et al., 
2010), which could also result in increased clay during glacials through enhanced aeolian 
transport. Low proportions of coarse IRD may indicate thick, perennial ice cover at Site U1339 
during MIS 12, with reduced melting and thus limited deposition of sediments entrained within 
the ice. If this were the case, however, we would expect to see much lower sedimentation rates 
during MIS 12 (e.g., Nørgaard-Pedersen et al., 2003). Instead, MIS 12 was likely characterized by 
extensive seasonal sea ice, similar to the conditions at Umnak Plateau Site 51JPC during the 
LGM (Sancetta et al., 1985; Caissie et al., 2010). In addition, the IRD content of sea ice at Site 
U1339 might reveal a relationship between sea ice rafting and sea level. During MIS 12, when 
sea level was 120-140 m below present (Rohling et al., 1998, 2014; Spratt & Lisiecki, 2016), the 
area of shallow continental shelf over which sea ice forms was significantly reduced. We 
suggest that sea ice likely formed over deeper waters, and subsequently entrained less coarse 
terrigenous material. At the same time, the arid, windy, and dusty glacial climate conditions 




Termination V (~424 ka) marks the transition from MIS 12 to 11 and is followed by a 
period of deglaciation that occurs in line with rising eccentricity, insolation, and sea level (Fig. 
4.10). Deglaciation at Site U1339 occurs between 424 and 420 ka and is marked by rapid sea ice 
retreat. This is seen as a simultaneous decline in estimated sea ice concentrations and the 
relative percent abundance of sea ice diatoms, including a marked decrease in T. antarctica RS, 
a species associated with thick pack ice (Fig. 4.5, 4.10; Horner, 1985). 
The interglacial climatic optimum, hereafter referred to as MIS 11c, extends from 420 to 
398 ka at Site U1339 (Kandiano et al., 2012; PAGES Past Interglacials Working Group, 2016), 
with peak warmth centered around 405 ka, consistent with the timing of peak eustatic sea level 
(~410-400 ka) (Raymo & Mitrovica, 2012). The deglacial sea ice retreat continues into MIS 11, 
with sea ice reaching its minimum extent around 417-413 ka (Fig. 4.10). From 417.5 to 410.5 ka, 
sea ice concentrations indicate a shift toward unconsolidated ice (15-40%) and even open-
water conditions (<15%) (Fig. 4.10). However, sea ice does not remain low throughout MIS 11. 
In fact, it re-advances during MIS 11c, at a time when insolation, global temperatures, and sea 
level were at their highest. This is shown by the consistent presence of IRD, a gradual increase 
in the relative percent abundance of sea ice diatoms, and an increase in sea ice concentrations, 
from 417 to 401.9 ka (Fig. 4.10). Following a short-lived drop in sea ice at 400 ka, average sea 
ice concentrations of 61% signal a period of relatively high seasonal sea ice cover that persists 
throughout Late MIS 11 (398-374 ka), and into MIS 10 (Fig. 4.10).  
Controls on Sea Ice 
Bering Sea climate is strongly influenced by variations in the inflow of North Pacific 
waters (Stabeno et al., 1999, 2017; Detlef et al., 2018). Today, relatively warm currents, derived 
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from inflow of the Alaskan Stream and the Alaska Coastal Current, inhibit sea ice formation in 
the Umnak Plateau region, but there is evidence that glacial reductions in North Pacific Water 
allowed for the expansion of sea ice at both the Umnak Plateau and the Bering Sea slope sites 
(e.g., Sancetta et al., 1985; Caissie et al., 2010; Teraishi et al., 2016; Stroynowski et al., 2017; 
Vaughn & Caissie, 2017; Detlef et al., 2018). The strong, inverse correlation (-0.76) between 
relative % abundances of sea ice diatoms and North Pacific indicator species at Site U1339 is 
further evidence for this relationship. During MIS 12 and 10, when sea ice is more extensive, 
NPW is reduced, reflected by low relative % abundances of the North Pacific indicator species 
N. seminae and T. nitzschioides (Fig. 4.10). It is probable that low sea level during glacial stages 
12 and 10 led to closure of Unimak Pass (-70 m) and other shallow eastern passes (Stabeno et 
al., 2002; Ladd et al., 2005), thereby restricting inflow of the Alaska Coastal Current and the 
distal end of the Alaskan Stream, which would have isolated the southeastern Bering Sea, and 
promoted sea ice growth. Conversely, during deglaciation, as sea level rose above -50 m, the 
influx of warm Pacific waters at Site U1339 led to sea ice retreat and melting (Fig. 4.10). 
However, this somewhat simplistic interpretation is challenged by the findings of Sancetta & 
Silvestri (1984), who showed that abundances of N. seminae fluctuate on glacial-interglacial 
timescales after 450 ka, roughly in phase with the global oxygen isotope record. Therefore, low 
abundances of North Pacific species in our records from MIS 12 and 10 may be partially 
explained by overall lower abundances of N. seminae in the Pacific Ocean during glacials.  
If sea level were the main control on North Pacific inflow to the Bering Sea, we might 
reasonably expect to see increasing inflow, and a corresponding decline in sea ice, when sea 
level was at its highest during MIS 11c. Our records, however, show the opposite; not only is 
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North Pacific inflow highly variable throughout MIS 11, the influence of NPW is reduced during 
the interglacial climatic optimum, at the same time that sea ice advances (Fig. 4.10). Although 
mesoscale variations in Alaskan Stream transport have been shown to impact climate and 
circulation on the Bering shelf (e.g., Ezer & Oey, 2010), it is unlikely that such variations could 
have reduced NPW inflow to near-glacial levels during MIS 11. Instead, we propose that the 
interplay between sea ice and North Pacific Water at the Umnak Plateau during MIS 11 was 
controlled, at least in part, by changes in the geographic position of the wintertime Aleutian 
Low, a semi-permanent low pressure system centered over the Aleutian Islands (Niebauer et 
al., 1999). Today, sea ice extent in the Bering Sea is related to wind intensity, storm tracks, and 
the frequency of storms, all of which are controlled by the Aleutian Low (Overland & Pease, 
1982; Niebauer et al., 1999; Rodionov et al., 2007; Katsuki et al., 2009). When the Aleutian Low 
is centered over the western Bering Sea, southerly winds inhibit the southward expansion of 
sea ice in the eastern Bering Sea; when the Aleutian Low is shifted further east to the Gulf of 
Alaska, sea ice can advance (Rogers, 1981; Overland & Pease, 1982; Stabeno et al., 1999). Since 
wind stress at the sea surface is an important driver of ocean circulation, changes in the 
strength of the Aleutian Low have also been shown to influence ocean circulation in the region 
of the North Pacific subarctic gyre, of which the AS forms the northern boundary current (e.g., 
Stabeno et al., 1999; Pickart et al., 2009; Wills et al., 2019). Accordingly, we suggest that, during 
MIS 11, the strength of the Aleutian Low exerted a control on the advection of North Pacific 
Water to Site U1339, with increased transport of NPW occurring when the Aleutian Low 





Figure 4.10. Summary of sea ice records from Site U1339, compared to global records. (a) mean 
monthly insolation at 65°N (Laskar et al., 2004); (b) atmospheric CO2 from Antarctic ice cores 
(Bereiter et al., 2015); (c) relative sea level in meters above present (Rohling et al., 2010). The 
dashed vertical line shows the Bering Strait sill depth; (d) volume % terrigenous clay-sized grains 
(Chapter 3); (e) IRD proxies, including % terrigenous particles >150 µm (dark blue line; Chapter 
3), and occurrence of quartz grains >150 µm (open circles show samples devoid of quartz 
grains; (f) sea ice concentration from diatom-based proxy (Nesterovich & Caissie, in review). 
Vertical blue lines indicate the cutoff for unconsolidated ice (15-40% concentration) and 
consolidated ice (>40% concentration); values less than 15% suggest open ocean conditions; (g) 
relative % abundance of sea ice diatoms; and (h) relative % abundance of North Pacific indicator 
species. The grey panel shows the duration of MIS 11, and colored side bars denote the 
following substages: deglaciation (424-420 ka, turquoise), Peak MIS 11 (430-398 ka, red), and 
Late MIS 11 (398-374 ka, blue). The green bar represents laminated sediments. 
 
In order to account for long-term trends in sea ice extent, the Aleutian Low would have 
to remain consistently weak, or consistently strong, over long (millennial) timescales. Decadal-
scale variability in the Aleutian Low is recognized from instrumental data, but less is known 
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about long-term variability in the Aleutian Low. Anderson et al. (2005) used oxygen isotope 
records from Jellybean Lake (southern Yukon Territory) to investigate Holocene changes in the 
strength and position of the Aleutian Low. Their data showed a predominantly weaker and/or 
westward Aleutian Low from 7000 to 4500 years BP, and a stronger or more eastward shift 
between 4500 and 3000 BP, suggesting that the Aleutian Low may persist in a single state for 
several thousand years. 
A large increase in the relative percent abundance of neritic diatoms from 395 to 392 ka 
(Fig. 4.7) may also be related to the position of the Aleutian Low. At this time, the neritic group 
is dominated by D. confervacaea (Fig. 4.5), a species that thrives in cold water bays, and also 
appears to grow well in nutrient-deficient environments (Guillard & Ryther, 1962). If optimal 
growth conditions existed during Late MIS 11, this may have produced large blooms of D. 
confervacaea in coastal regions. If the Aleutian Low was shifted further to the east, sea ice 
formed along the coast could have entrained large numbers of D. confervacaea, then been 
blown southward toward the Umnak Plateau by northerly winds. Alternatively, the neritic 
diatoms could have been transported to the plateau by icebergs from tidewater glaciers. 
However, considering the location of Site U1339, sea ice is more likely to transport terrigenous 
sediment to the site. Similar to the LGM, glacial ice in Beringia was likely present in the form of 
small, mountain-valley glaciers, which would not have produced large numbers of icebergs 
(Glushkova, 2001; Elias & Brigham-Grette, 2013). Consistent with this, sediments typical of 





Figure 4.11. Summary of productivity records from Site U1339, compared to global records. (a) 
mean monthly insolation at 65°N (Laskar et al., 2004); (b) atmospheric CO2 from Antarctic ice 
cores (Bereiter et al., 2015); (c) relative sea level in meters above present (Rohling et al., 2010); 
The dashed vertical line shows the Bering Strait sill depth; (d) bulk median grain size (Chapter 
3); (e) diatom valves per gram of sediment); (f) Chaetoceros per gram of sediment; (g) relative 
% abundance of Chaetoceros RS; (h) % organic carbon; (i) % inorganic carbon; and (j) δ13C (‰ 
VPDB). Diatom percent abundances are based on Chaetoceros-free counts. The grey panel 
shows the duration of MIS 11, and colored side bars denote the following substages: 
deglaciation (424-420 ka, turquoise), Peak MIS 11 (430-398 ka, red), and Late MIS 11 (398-374 
ka, blue). The green bar represents laminated sediments. 
 
Primary Productivity at the Umnak Plateau 
Marine Isotope Stage 12 
On glacial-interglacial time scales, changes in median grain size provide a rough estimate 
of changes in productivity; around 23% of grain size variability at Site U1339 can be explained 
by variations in diatom content (Chapter 3). Bulk mean grain size records are in agreement with 
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absolute diatom abundances, and organic carbon %, all of which are consistently low during 
MIS 12, and higher during MIS 11 (Fig. 4.11). This is consistent with other glacial-interglacial 
records from the Bering Sea and North Pacific (e.g., Sancetta et al., 1985; Brunelle et al., 2007; 
Galbraith et al., 2008; Caissie et al., 2010; Riethdorf et al., 2013; Vaughn & Caissie, 2017; Worne 
et al., 2019), which suggest that glacial periods in this region are marked by low primary 
productivity. Today, productivity in the Bering Sea is strongly dependent upon the availability of 
nutrients and light, and is therefore highly seasonal (Arrigo, 2014). In particular, increased light 
availability and stratification during spring sea ice melt drives the hugely productive spring 
phytoplankton bloom (e.g., Niebauer et al., 1990; Sigler et al., 2010; Brown & Arrigo, 2013; 
Vancoppenolle et al., 2013; Leu et al., 2015). If, as we suggest, sea ice was more extensive 
during MIS 12, algal blooms at Site U1339 would have been limited to in-ice or below-ice 
production, with the spring bloom occurring in the marginal ice zone further to the south. 
Increased sea ice cover may have further restricted productivity; firstly, by limiting the effects 
of wind forcing, thereby reducing the formation of eddies, which drive upwelling of deep, 
nutrient-rich waters (Rainville et al., 2011); and secondly, by strengthening water column 
stratification, thus limiting the flux of nutrients into the photic zone (Sigman et al., 2004). In 
addition, glacial reductions in primary productivity were driven, at least in part, by reduced 
upwelling of nutrients, due to the expansion of sea ice and concurrent expansion of low-
nutrient North Pacific Intermediate Water (Worne et al., 2019), whilst restricted inflow through 
the Aleutian Island Passes may have caused Bering Sea circulation to weaken, further reducing 




During deglaciation, as sea level rose above -50 m, Unimak Pass and the Bering Strait re-
opened, which led to flooding of the continental shelf, and a subsequent influx of nutrients to 
the Bering Sea (Shiga & Koizumi, 1999; Bertrand et al., 2000; Poli et al., 2010). The combination 
of rising sea level, the collapse of glacial North Pacific Intermediate Water, declining sea ice 
cover and increased nutrient supply drove rapidly increasing productivity, culminating in the 
deposition of laminated sediments between 422.3 and 420.2 ka (Fig. 4.11). Laminated 
sediments are widespread features of deglacial transitions; during the last deglaciation, for 
example, laminae were simultaneously deposited across the North Pacific and its marginal seas 
(e.g., Cook et al., 2005; Brunelle et al., 2007; Caissie et al., 2010; Addison et al., 2012; Schlung et 
al., 2013; Pelto et al., 2018). Laminated sediments have also been reported from other sites in 
the Bering Sea during Early MIS 11 (e.g., Takahashi et al., 2011; Caissie et al., 2016). As 
laminated sediments typically form under low oxygen conditions, the presence of laminated 
sediments at Site U1339 would have required expansion of the oxygen minimum zone, 
currently located between -700 and -1600 m, (Takahashi et al., 2011), to a water depth of at 
least 1800 m.  
Although the exact causes of deglacial anoxia are still debated, leading hypotheses 
include changes in the ventilation of intermediate waters (Zheng et al., 2000), increased export 
productivity (Kuehn et al., 2014), or a combination of the two (Cook et al., 2005; Matul et al., 
2016). Several lines of evidence point toward extremely high productivity at U1339 during the 
laminated interval, including an increase in absolute diatom abundances by 2 orders of 
magnitude over MIS 12, and a marked increase in bulk median grain size, which implies a 
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greater contribution from silt-sized biogenic material, i.e., diatoms (Fig. 4.11; Aiello & Ravelo, 
2012; Chapter 3). Consistent with this, a peak in δ13C values suggests that OM is primarily 
sourced from marine phytoplankton during this time (Fig. 4.11). In addition, an increase in both 
organic and inorganic carbon during the laminated interval indicates high rates of productivity 
across multiple phytoplankton groups, including calcareous organisms such as foraminifera and 
nannofossils (Takahashi et al., 2011). 
Marine Isotope Stage 11 
In general, primary productivity declines over the course of MIS 11, as shown by 
gradually decreasing diatom abundances and an overall decrease in organic carbon (Fig. 4.11). 
Median grain size remains higher throughout MIS 11, not because productivity is consistently 
high, but because the grain size of bulk sediments is also influenced by the input of coarser, ice-
rafted material. 
During MIS 11, when sea ice is high, productivity can be either low or high (Figs. 4.10, 
4.11), which indicates that the relationship between sea ice and productivity is far more 
complex than the assumption that sea ice inhibits productivity. As described previously, there is 
a massive flux of nutrients during deglaciation, when sea level rise floods the Bering shelf; 
however, this influx of nutrients is not sustained throughout MIS 11, and it may be that 
productivity declines as nutrients become gradually depleted during MIS 11. Pelto et al. (2018) 
hypothesized that productivity at the Umnak Plateau remains high until the Bering Strait is fully 
submerged, because until that point, nutrients remain trapped in the Bering Sea. Once the 
strait is flooded, however, Bering shelf waters can transport nutrients from the Bering Sea 
northward into the Chukchi Sea, as they do today (Cooper et al., 1996; Tremblay et al., 2015).  
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The resting spores of Chaetoceros are indicators of both high productivity and 
upwelling, because Chaetoceros only blooms when nutrient levels are high enough to sustain 
multiple diatom blooms each year, or when there is an input of nutrients later in the year to 
support a second bloom (Abrantes et al., 1998, 2007). At Site U1339, Chaetoceros RS tell a 
different story to other productivity indicators. Absolute abundances of Chaetoceros RS are 
closely coupled with absolute diatom abundances (Fig. 4.11), simply because Chaetoceros RS 
dominate the assemblage, but the relative % abundance of Chaetoceros RS fluctuates 
throughout MIS 11, independent of both sea ice and productivity. We conclude that downcore 
variations in Chaetoceros RS likely reflect changes in upwelling, separate from productivity. 
 
 
Figure 4.12. Location map of core sites on the Umnak Plateau. 
 
Comparison of records from the Umnak Plateau 
During the Last Glacial Maximum (30-19 ka; Lambeck et al., 2002), conditions at the 
Umnak Plateau were similar in many ways to those observed during MIS 12. Under low sea 
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level, the Aleutian basin was partially isolated from the North Pacific, and the associated 
reduction in North Pacific inflow allowed for the development of thick, extensive sea ice over 
the deep waters of the Umnak Plateau (e.g., Sancetta & Robinson, 1983; Sancetta et al., 1985; 
Caissie et al., 2010; Pelto et al., 2018; Nesterovich & Caissie, in review). Based on a maximum in 
sea ice diatoms (Nitzschia cylindra and Nitzschia grunowii) at Site RC14-121 (Fig. 4.12, 4.13), 
Sancetta et al. (1985) proposed that, during the LGM, the Umnak Plateau was covered by sea 
ice throughout the year. In contrast, Kastsuki and Takahashi (2005) did not find evidence for 
perennial sea ice at a different Umnak Plateau site (UMK-3A; Fig. 4.12). Instead, they suggested 
that the presence of F. cylindrus, which is common in regions influenced by seasonal sea ice 
today, was evidence for seasonal sea ice during the LGM (Fig. 4.13). At the nearby Site 51JPC 
(Fig. 4.12), Caissie et al. (2010) found evidence for thick, extensive ice cover, that persisted for 
at least six months per year, based on high % abundances of Fragilariopsis species and 
Thalassiosira antarctica. In addition, Nesterovich & Caissie (in review) showed that sea ice 
concentrations at this site were high (average of 74.6%) during the LGM, further evidence for 
longer annual duration of sea ice cover (Fig. 4.13). Likewise, we find similar evidence (high % 
abundance of sea ice diatoms, in particular F. cylindrus and T. antarctica, as well as high sea ice 
concentrations) for extensive, seasonal sea ice cover at Site U1339 during Late Stage 12 (Fig. 
4.5; Fig. 4.13). To enable a more robust comparison between diatom records from MIS 11 and 
MIS 1, most of which focus on a single species or species group, we present both full sea ice 
diatom counts, and conservative counts in Figure 4.13. The conservative counts are based on 
seven species (Fragilariopsis cylindrus, Fragilariopsis oceanica, Fragilariopsis regina-jahniae, 
Fossula arctica, Nitzschia frigida, Sinerima marigela, and Thalassiosira antarctica) with a strong 
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affinity for sea ice. Whilst overall abundances are somewhat lower for conservative counts, the 
two records display like trends. 
 
 
Figure 4.13. Compilation of sea ice proxy records from Umnak Plateau sites U1339 (green), 
RC14-121 (purple), UMK-3A (yellow), and 51JPC (grey) for MIS 11 and 1 (denoted by grey 
panels). MIS 11 sea ice diatom records (this study) include all sea ice diatoms (lighter green) 
and conservative sea ice counts, based on seven species (Fragilariopsis cylindrus, Fragilariopsis 
oceanica, Fragilariopsis regina-jahniae, Fossula arctica, Nitzschia frigida, Sinerima marigela, and 
Thalassiosira antarctica) with a strong affinity for sea ice (darker green). MIS 1 sea ice records 
include % Fragilariopsis species (Caissie et al., 2010), % F. cylindrus (Katsuki & Takahashi, 2005), 
% Nitzschia cylindra and grunowii (Sancetta & Robinson, 1985), and sea ice concentration from 
the diatom-based proxy (Nesterovich & Caissie, in review). Green bars show laminated 
sediments, based on core records from U1339 (MIS 11) and 51JPC (MIS 1). 
 
Although sea ice declined during the transition from MIS 12 to MIS 11, seasonal sea ice 
remained present at the Umnak Plateau (Site U1339) throughout most of the interglacial 
period, except for an excursion towards unconsolidated ice, and possibly ice-free conditions, for 
a few thousand years following deglaciation (Fig. 4.13). Whilst there are few records of MIS 5 
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on the Umnak Plateau, grain size data from Site U1339 (Vaughn & Caissie, 2017) point toward 
consistent input of IRD throughout MIS 5, save for a ~5000-year interval centered on 100 ka, 
which may correspond to the interstadial 5c. In contrast, the last deglaciation marked a 
transition from extensive sea ice cover to ice-free conditions across the Umnak Plateau. By 8 ka, 
modern oceanographic conditions were established in the Bering Sea (Sancetta, 1979), and 
both diatom assemblages and the diatom proxy indicate that sea ice has not advanced as far 
south as the Umnak Plateau since this time (Fig. 4.13; Sancetta & Robinson, 1983; Caissie et al., 
2010; Caissie & Nesterovich, in review).  
 
 
Figure 4.14. Compilation of productivity records from Umnak Plateau sites U1339 (green), 
RC14-121 (purple), UMK-3A (yellow), and 51JPC (grey) for MIS 11, 5, and 1 (denoted by grey 
panels). Note that records do not exist at all sites for all timeframes. MIS 5 records are from 
Vaughn & Caissie (2017). MIS 1 records include % organic carbon (Pelto et al., 2018), and % 
Chaetoceros RS (purple, Sancetta & Robinson, 1983; yellow, Katsuki & Takahashi, 2005; and 
grey, Caissie et al., 2010). Green bars show laminated sediments, based on core records from 
U1339 (MIS 11 and 5) and 51JPC (MIS 1). 
 
Similar to MIS 11, laminated sediments were deposited across the Umnak Plateau 
region at the onset of MIS 5 and MIS 1 (Fig. 4.14). Again, several lines of evidence indicate 
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enhanced productivity during the laminated intervals; in fact, productivity is higher during 
deglaciation at all Umnak Plateau sites (Fig. 4.14; Caissie et al., 2010; Vaughn & Caissie, 2017; 
Pelto et al., 2018), but a unique feature of the MIS 1 laminae is that they form two distinct sets 
(Fig. 4.14; Caissie et al., 2010). The first set, deposited from 15.1-13.7 cal ka BP, are associated 
with the Bølling-Allerød, and the second set (11.5-11 cal ka BP) with the Pre-Boreal; the two are 
separated by a return to near-glacial conditions during the Younger Dryas. Interestingly, a 
Younger Dryas-like reversal during Early MIS 11 has also been observed in records from the 
North Atlantic (Voelker et al., 2010), Antarctica (EPICA Community Members, 2004), and Siberia 
(Vogel et al., 2013), but there is no evidence for such an event at Site U1339.  
At Site 51JPC, Caissie et al. (2010) found evidence that the last deglaciation was marked 
by a complete turnover in the diatom assemblage. A shift from sea ice diatoms to high 
productivity species occurred during the Bølling-Allerød, perhaps marking the transition from 
more extensive sea ice cover to marginal ice zone conditions. A second shift to more 
cosmopolitan species, including high abundances of the North Pacific diatom N. seminae, 
occurred during the Pre-Boreal. At UMK-3A, Katsuki & Takahashi (2005) also observed a rapid 
assemblage change during deglaciation, to an assemblage in which sea ice species and North 
Pacific species coexisted. During MIS 11, there is no evidence for an assemblage turnover like 
that described by Caissie et al. (2010). However, sea ice diatoms and North Pacific species 
coexist in the assemblage throughout most of MIS 11 (Fig. 4.10), although relative percent 
abundances of N. seminae are considerably lower during MIS 11 than during the Holocene 
(Caissie et al., 2010). This may suggest that the influence of warm, North Pacific waters was not 
as strong during MIS 11, which allowed seasonal sea ice to persist in the Umnak Plateau region. 
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 During MIS 11, and especially MIS 5, relative % abundances of Chaetoceros RS are much 
higher than during the Holocene. (Fig. 4.14). Caissie et al. (2010) proposed that decreasing 
trends in Chaetoceros at 51JPC indicate reduced diatom productivity since the early Holocene 
Thermal Maximum (11.5-9 cal ka BP). We note, however, that relative % abundances of 
Chaetoceros RS at Site U1339 do not decrease in line with productivity, and that fluctuations in 
Chaetoceros are more likely to reflect changes in upwelling. It could thus be argued that 
upwelling was more intense during MIS 11 and 5, in comparison to the Holocene. Williams et al. 
(2011) used the δ13C values of coralline algae to show that upwelling in the northern North 
Pacific and the Bering Sea increases when the Aleutian low intensifies. If the Aleutian Low was 
stronger during MIS 11, this could help to explain why Chaetoceros RS are so much more 
abundant during this time. Alternatively, since Chaetoceros are one of the last species to bloom 
in a seasonal succession (Saitoh and Taniguchi, 1978; von Quillfeldt, 2001), it could point 
toward a longer growing season during MIS 11.  
 
Summary 
In this study, we described changes in sea ice extent and primary productivity at the 
Umnak Plateau (Site U1339) during the MIS 12-10 cycle. Similar to the LGM, MIS 12 was likely 
characterized by extensive, seasonal sea ice over the Umnak Plateau. We do not find evidence 
for perennial ice in this region, but high sea ice concentrations indicate a longer annual duration 
of seasonal ice. 
Sea ice declined during deglaciation, and at the beginning of MIS 11, with a shift toward 
unconsolidated ice, and possibly open water conditions, starting around 417.5 ka. However, sea 
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ice did not remain low throughout MIS 11. Instead, we see evidence that sea ice re-advanced 
over the Umnak Plateau during the latter half of MIS 11c, when global temperatures and sea 
level were still high, but the influence of warm North Pacific water was reduced. In contrast, sea 
ice has been absent from the Umnak Plateau region since the Holocene Thermal Maximum (~8 
ka). We suggested that the interplay between sea ice extent and North Pacific Water during 
MIS 11 was controlled, at least in part, by persistent changes in the geographic position and 
intensity of the Aleutian Low. 
In general, productivity at Site U1339 was higher during MIS 11, and lowest during 
glacial stages 12 and 10. Similar to the last deglaciation, laminated sediments were deposited 
during the transition from MIS 12 to 11. Multiple lines of evidence indicate a spike in 
productivity during the deposition of the laminated sediments. The gradual decline in 
productivity over the course of MIS 11 occurred independently of fluctuating sea ice, which 
suggests that productivity was controlled by more complex factors than simply changing sea ice 
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Abstract 
Marine Isotope Stage (MIS) 11 (424-374 ka) has long been considered one of the more 
suitable analogs for the natural development of Holocene climate, because it is the most recent 
interglacial period with similar orbital boundary conditions. However, there is significant global 
as well as regional variability in the response of the climate system to the interglacial warming 
of MIS 11. Here, we examine new and published sediment core records from three IODP sites 
(U1345, U1343, and U1339) across the Bering Sea to investigate regional changes in 
paleoceanographic conditions during Marine Isotope Stages 12-10.  
Sediment grain size, diatom assemblages, and a new diatom-based proxy for sea ice 
show that sea ice was present over the Bering slope and the Umnak Plateau (southeastern 
Bering Sea) during MIS 11, but today, none of these sites are seasonally ice-covered. This 
suggests that sea ice regimes in the Bering Sea during MIS 11 were very different to those of 
the Holocene. We also note significant regional differences in the response of sea ice to MIS 11 
warming. At the Umnak Plateau, sea ice concentrations decline during deglaciation, but remain 
relatively high at the slope sites until the interglacial climatic optimum (~ 410 ka). Sea ice re-
advances over the Umnak Plateau during peak interglacial warmth, at the same time that it 
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declines over the slope sites. Late MIS 11 (398-374 ka) is characterized by relatively high 
concentrations of seasonal sea ice at the Umnak Plateau, whilst sea ice at the slope sites 
fluctuates between periods of consolidated (>40%) and unconsolidated (15-40%) ice cover. This 
east-west dichotomy may be explained by regional differences in sea level pressure and wind 
direction, which are driven, at least in part, by changes in the geographic position of the 
Aleutian Low.   
 
Introduction 
In the face of rapid climate change, improving our knowledge of climate system 
dynamics has become ever more critical. Our understanding of climate during the Holocene 
(Marine Isotope Stage 1) may be improved through the investigation of past interglacial climate 
analogs. Although the natural course of Holocene warming has been disrupted by 
anthropogenic activity, such that past interglacials cannot be used as straightforward analogs 
for the present climate, several interglacials of the past 800 ka warrant further study as partial 
analogs for the evolution of Holocene climate (Yin & Berger, 2015; Past Interglacials Working 
Group of PAGES, 2016). These include the Marine Isotope Substages 5e (Kukla et al., 1997), 9e 
(Ruddiman, 2007), 11c (Droxler et al., 2003; Loutre & Berger, 2003; McManus et al., 2003; 
Kandiano et al., 2012; Candy et al., 2014; Yin & Berger, 2015; Cronin et al., 2019) and 19c 
(Tzedakis et al., 2009, 2012; Pol et al., 2010; Tzedakis, 2010; Yin & Berger, 2015; Vavrus et al., 
2018). 
In particular, Marine Isotope Stage (MIS) 11 (424-374 ka) has long been considered one 
of the more suitable analogs for pre-industrial warming, because it is the most recent 
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interglacial period with high greenhouse gas concentrations (Fig. 5.1; Petit et al., 1999; 
Siegenthaler et al., 2005; Lüthi et al., 2008; Bereiter et al., 2015) and orbital parameters similar 
to modern (Fig. 5.1; Berger and Loutre, 2002, 2003; Loutre and Berger, 2003). Globally, MIS 11 
is recognized as an interval of prolonged warmth, with reduced global ice volume, and sea level 
estimated in the range of 6-13 m above present sea level (a.p.s.l.) (Fig. 5.1; Lisiecki & Raymo, 
2005; de Vernal & Hillaire-Marcel, 2008; Raymo & Mitrovica, 2012). However, there is 
considerable regional variability in the expression of MIS 11. For example, during the 
interglacial climatic optimum, hereafter referred to as MIS 11c, pollen records suggest that 
boreal forest covered at least the southern part of Greenland, which may have been largely ice-
free (de Vernal & Hillaire-Marcel, 2008; Raymo & Mitrovica, 2012; Robinson et al., 2017). In 
addition, sediments from Lake El'gygytgyn in northeastern Russia signify that maximum 
summer temperatures were 4-5°C higher than during MIS 1 (Melles et al., 2012), and sea 
surface temperature (SST) reconstructions from the subtropical Northeast Atlantic and the 
western Mediterranean indicate that average SSTs were 1-2°C warmer than today (Kandiano et 
al., 2012). In contrast, other paleoclimate records (e.g., McManus et al., 1999, 2003; Bauch et 
al., 2000; Hodell et al., 2000) suggest that MIS 11c was no warmer than the present day, whilst 
Kandiano et al. (2012, 2016) showed evidence for colder SSTs in the polar Nordic Seas 
throughout the entirety of MIS 11. Clearly, the response of the climate system to interglacial 
warming during MIS 11 was highly variable, which highlights the importance of investigating 




Abundant high resolution paleoclimate records from the North Atlantic (e.g., Bauch et 
al., 2000; Poli et al., 2000; de Abreu et al., 2005; Kandiano & Bauch, 2007; Lawrence et al., 
2009, 2010; Voelker et al., 2010; Rodrigues et al., 2011; Bauch, 2012; Kandiano et al., 2012, 
2016, 2017; Candy & McClymont, 2013; Palumbo et al., 2013) have allowed for in-depth 
investigations of past oceanographic conditions during MIS 11 in this region. In contrast, there 
are relatively few MIS 11 records from the North Pacific and its marginal seas (Caissie et al., 
2016). In this study, we examine new and published sediment core records from three sites 
across the Bering Sea (Fig. 5.2) to investigate regional changes in paleoceanographic conditions 
during the MIS 12-10 cycle. Specifically, we use a multi-proxy approach to reconstruct past 
changes in sea ice, primary productivity, and ocean currents, and to place these changes in both 
a global and a regional context. Our primary objective is to fill a major gap in records of MIS 11 
climate from the Bering Sea. To this end, we address the following questions: What were sea 
ice conditions during MIS 11, and how do they compare to modern (Holocene) sea ice 
conditions in the Bering Sea? Do the three sites show different regional responses to 
interglacial warming during MIS 11? How do paleoceanographic conditions in the Bering Sea 
compare to those in other regions, including the northern North Atlantic, the Nordic Seas, and 







Figure 5.1. Orbital cycles and global climate records for MIS 11 (right panel, black) and MIS 1 
(left panel, blue). (a) Orbital eccentricity (Laskar et al., 2011); (b) precession (Laskar et al., 
2004); (c) northern hemisphere summer insolation at 65°N (Laskar et al., 2004); (d) compilation 
of atmospheric CO2 from Antarctic ice cores (Bereiter et al., 2015, and references therein); (e) 
benthic foraminiferal δ18O records (the LR04 stack, Lisiecki & Raymo, 2005); and (f) relative sea 
level in meters above or below present (Rohling et al., 2010). Grey bars show the duration of 
the interglacial stages 11 and 1. MIS 11 substages include deglaciation (turquoise bar, 424-420 







Marine Isotope Stage 11 
Marine Isotope Stage 11 and the Holocene share a number of similarities, including 
similar orbital configurations, namely, low eccentricity, dampened precession, and low 
amplitude changes in boreal summer insolation (Fig. 5.1; Berger & Loutre, 2002; Droxler et al., 
2003; Loutre & Berger, 2003; Laskar et al., 2004, 2011). Atmospheric CO2 concentrations during 
MIS 11 averaged 275 ppm, comparable to pre-industrial levels of pCO2 (Fig 5.1; Petit et al., 
1999; Siegenthaler et al., 2005; Lüthi et al., 2008; Bereiter et al., 2015). Relatively high pCO2 
during MIS 11 resulted in an exceptionally long warm period (Fig. 5.1; Berger & Loutre, 2002; 
Lisiecki and Raymo, 2005; Rohling et al., 2010; Melles et al., 2012), with peak interglacial 
warmth (MIS 11c) lasting in the order of 20-30 ka (Droxler et al., 2003; McManus et al., 2003; 
Raynaud et al., 2005; Kandiano et al., 2012; Candy et al., 2014; Past Interglacial Working Group 
of PAGES, 2016), longer than other Quaternary interglacials, and considerably longer than the 
elapsed duration of the Holocene (Past Interglacial Working Group of PAGES, 2016). Likewise, 
high concentrations of anthropogenic CO2 have already extended the natural duration of the 
Holocene (Tzedakis et al., 2012; IPCC, 2014; Candy et al., 2014; Ganopolski et al., 2016), and 
climate models indicate that the next glacial inception may now not occur for tens of millennia 
(Ganopolski et al., 2016; Past Interglacial Working Group of PAGES, 2016). Although we cannot 
expect MIS 11 and Holocene climate to evolve in exactly the same way, MIS 11 records 
nonetheless provide a unique opportunity to investigate how the climate system operates 
during an extended interglacial period. 
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As previously described, the magnitude and spatial pattern of warming during MIS 11 is 
highly complex (Candy et al., 2014; Past Interglacials Working Group of PAGES, 2016). The 
history of MIS 11 in the Bering Sea is not well constrained, because to date there have been 
very few high-resolution paleoclimate studies of this region. However, existing records indicate 
a unique response to MIS 11 warming in Beringia; tidewater glaciers advanced whilst eustatic 
sea level was still high, an example of the ‘out-of-phase glaciations’ peculiar to Beringia 
(Brigham-Grette, 2001; Caissie et al., 2016), and sea ice in the northern Bering Sea was more 
prevalent than it is today (e.g., Stroynowski et al., 2015; Caissie et al., 2016; Onodera et al., 
2016; Teraishi et al., 2016). 
 
Study Area 
Location and Oceanographic Setting 
 The Bering Sea, located between Russia and Alaska, is a marginal sea of the North 
Pacific. It comprises a broad (>500 km), shallow continental shelf in the east, a narrow (<100 
km) shelf to the west, a steep continental slope, and a deep abyssal basin, dissected by several 
large submarine rises (Fig. 5.2; Ben-Avraham & Cooper, 1981; Stabeno et al., 1999).  
Today, only the northern continental shelf is seasonally ice covered, but the location of 
the sea ice margin has fluctuated considerably over glacial-interglacial cycles (e.g., Sancetta et 
al., 1985; Kaufman and Brigham-Grette, 1993; Cook et al., 2005; Katsuki and Takahashi, 2005; 
Caissie et al., 2010, 2016; Onodera et al., 2016; Méheust et al., 2018; Pelto et al., 2018). In the 
northernmost part of the Bering Sea, the shallow (-50 m a.p.s.l.) Bering Strait serves as the sole 
gateway between the Pacific and Arctic Oceans (Fig. 5.2). The closure of the Bering Strait at 
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times of lower sea level would have had significant impacts on global patterns of ocean 
circulation, nutrient and salinity distributions (e.g., Okazaki et al., 2010; Hu et al., 2012, 2015; 
Knudson and Ravelo, 2015; Caissie et al., 2016; Worne et al., 2019). Water mass exchange with 
the North Pacific occurs via passes in the Aleutian Islands, linking Bering Sea conditions to those 
of the Pacific (Stabeno et al., 1999). Surface water masses are derived from inflow of the Alaska 
Coastal Current and the Alaskan Stream. A part of the Alaskan Stream flows eastward along the 
north slope of the Aleutian Islands, becoming the Aleutian North Slope Current (ANSC). The 
northeastward flow of the ANSC turns northwestward as it nears the shallow continental shelf 
to form the Bering Slope Current (BSC), which flows along the continental slope and supplies 
critical nutrients to the shelf (Fig. 5.2). These nutrient-rich surface waters contribute to the 
extremely high rates of biological productivity in the Bering Sea, one of the most productive 
marine ecosystems in the world (Loughlin et al., 1999; Sigler et al., 2010; Brown and Arrigo, 
2012, 2013; Stabeno et al., 2019). The highest rates of primary production occur within the 
Bering Sea ‘Green Belt’ along the shelf-slope break, where shelf edge processes cause 
stratification, upwelling, and onwelling of nutrient-rich waters (Springer et al., 1996). 
In this study, we compare both new and published sediment core records from 
Integrated Ocean Drilling Program (IODP) Site U1343 (Fig. 5.2; Chapter 3) with two previously 
published records from sites U1345 (Fig. 5.2; Caissie et al., 2016) and U1339 (Fig. 5.2; Chapter 3; 
Chapter 4). These cores were retrieved during IODP Expedition 323 to the Bering Sea in 2009 
(Takahashi et al., 2011). All three sites are located on topographic highs, to minimize the risk of 
downslope transport. The north to southeast transect of the core sites allows us the 
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opportunity to compare changes in paleoceanographic conditions along the Bering slope with 
those in the southeastern Bering Sea.  
 
 
Figure 5.2. Map of Beringia, showing place names, bathymetric features, and core sites referred 
to in the text. The dashed line shows the maximum extent of sea ice today (median for the 
period 1979-2013) (Cavalieri et al., 1996). Currents (shown in blue) are modified from Stabeno 
et al. (1999). Abbreviations include: Alaska Coastal Current (ACC), Aleutian North Slope Current 






Site U1345 (Fig. 5.2) is the northernmost of the three core sites. It is located on an 
interfluve ridge near the shelf-slope break, just south of Navarin Canyon, one of the largest 
submarine canyons in the world (Normack & Carlson, 2003). Sediments were retrieved from a 
water depth of 1008 m, placing this site within the modern-day oxygen minimum zone (OMZ) 
(Roden, 2000; Takahashi et al., 2011). Site U1345 is closest to the maximum extent of present-
day seasonal sea ice cover (Fig. 5.2), and is situated within the highly productive Green Belt 
(Takahashi et al., 2011). 
Site U1343 
Site U1343 is situated on a topographic high (-1953 m) on the northern slope, isolated 
from the Bering Shelf by the Zhemchug Canyon, the world’s deepest submarine canyon 
(Normack & Carlson, 2003). Like U1345, this site is located relatively close to the modern 
seasonal sea ice limit, and within the Bering Sea Green Belt (Fig. 5.2; Takahashi et al., 2011).  
Site U1339 
Site U1339 is located in the southeastern Bering Sea, on the northwest side of Umnak 
Plateau, at a water depth of 1870 m. The Umnak Plateau is separated from the continental 
shelf by the Bering Canyon, the longest canyon in the Bering Sea (Normack & Carlson, 2003). 
Today, this site is influenced by the relatively warm Alaskan Stream, which inhibits the 
formation of sea ice in the region. However, there is evidence for substantial sea ice cover at 
Site U1339 in the past (e.g., Sancetta et al., 1985; Katsuki & Takahashi, 2005; Caissie et al., 
2010; Pelto et al., 2018). 
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Materials and Methods 
Age Models 
The shipboard age model, derived from bio- and magnetostratigraphy, was used to 
place the sediment core records in the correct stratigraphic position (Takahashi et al., 2011). 
Published benthic foraminiferal oxygen isotope measurements (Asahi et al., 2016; Cook et al., 
2016) were used to align the records to the Lisiecki & Raymo (2005) global stack (LR04), and 
dates for each sample were obtained using linear interpolation between tie points (Fig. 5.3).  
 
 
Figure 5.3. Benthic foraminiferal δ18O values for IODP sites U1345 (black; Cook et al., 2016), 
U1343 (blue; Asahi et al., 2016) and U1339 (red; Cook et al., 2016), aligned with the LR04 global 
stack (grey; Lisiecki and Raymo, 2005). Inverted triangles show tie points between Bering Sea 
δ18O (filled) and magnetic susceptibility (open) records and the global stack. The grey bar shows 
the duration of MIS 11. 
 
Site U1343 is well aligned to the LR04 stack during MIS 11 (Fig. 5.3; Asahi et al., 2016), 
but U1345 and U1339 are only tied at the beginning and end of MIS 11, which makes it difficult 
to constrain the exact timing of peak interglacial conditions. Caissie et al. (2016) added an extra 
tie point to the U1345 record by connecting inflection points in magnetic susceptibility between 
U1343 and U1345, which shifted the age model 1.5 ka younger, and allowed for more 
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confidence in the timing of peak interglacial conditions. We applied this technique to U1339 but 
were unable to match the magnetic susceptibility records (Appendix A, Fig. A.1), so we use the 
original age model from Cook et al. (2016) in this work. Taking into account oxygen isotope 
sampling resolution, as well as the stated error in the LR04 stack of 4 kyr (Lisiecki & Raymo, 
2005), uncertainty in the age model could be up to 5 kyr. 
Diatom Counts 
Diatom counts were carried out on 32 samples (~1,500 year resolution) from Site 
U1343. Quantitative diatom slides were prepared following the revised methods of Warnock 
and Scherer (2015) and counted based on the methods of Schrader & Gersonde (1978). At least 
300 diatom valves in at least 3 random transects were counted, using a Nikon ECLIPSE Ni 
transmitted light microscope at a magnification of 1000x. Transect lengths were measured with 
a stage micrometer. Only the 5 species used in a quantitative, diatom-based proxy for spring 
(March, April, May, June) sea ice concentration (Fragilariopsis cylindrus, Fragilariopsis regina-
jahniae, Neodenticula seminae, Paralia sulcata, and Sinerima marigela) were identified, whilst 
all other valves were recorded as either Chaetoceros resting spores (RS), centric diatoms, or 
pennate diatoms. The sea ice proxy is a Generalized Additive Model based on the distribution of 
the above five species in surface sediments from the Bering and Chukchi Seas, each of which 
has a unique association with sea ice (Nesterovich & Caissie, in review). Spring sea ice 





In addition to the original analyses presented here, we refer to shipboard core 
descriptions (Takahashi et al., 2011) and smear slide counts (Chapter 3) in our interpretations. 
These analyses were used as a basis to characterize primary sediment lithologies and elucidate 
the relationship between sediment composition and grain size. 
Grain size records were previously published in Chapter 3. Grain size was measured on 
bulk sediments, and on the terrigenous fraction of the sediments, after removing organics, 
carbonates, and biogenics (see Chapter 3 for detailed methodology). Note that bulk grain size 
for Site U1345 was first published by Caissie et al. (2016).  
Diatom records are based on published counts from sites U1345 (Caissie et al., 2016) 
and U1339 (Chapter 4). Sea ice concentrations for these sites were obtained by uploading the 
counts to the sea ice proxy (Nesterovich, 2019; Nesterovich & Caissie, in review; Chapter 4). 
 
Results and Discussion 
Lithology 
Sediment Composition 
Across the Bering Sea, sediments are primarily a mix of siliciclastic and biogenic particles 
(Takahashi et al., 2011; Aiello & Ravelo, 2012). The siliciclastic sediments mostly consist of clay- 
to silt-sized grains, whilst biogenic materials largely comprise siliceous diatom frustules, with 
lesser contributions from other microfossils. Secondary components of the sediment include 
volcanogenic material and ice-rafted material (Takahashi et al., 2011; Chapter 3). Volcanogenic 
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material (mostly fine ash) is most abundant at U1339, and decreases with distance from the 
main volcanic sources in the Aleutian Arc (Takahashi et al., 2011).  
 
 
Figure 5.4. Lithostratigraphic columns for IODP sites U1345, U1343, and U1339, based on 
shipboard core descriptions (Takahashi et al., 2011) and smear slide analyses (Chapter 3). 
Column width varies according to the median grain size of bulk sediments (Caissie et al., 2016; 
Chapter 3). Colors signify varying amounts of diatoms relative to terrigenous grains in the 
sediment. Pale-green bars depict deglacial laminated sediments (Takahashi et al., 2011). 
Colored side bars show MIS 11 substages: deglaciation (turquoise), Peak MIS 11 (red), and Late 
MIS 11 (blue).  
 
Sediments are more siliciclastic at the northernmost Site U1345, because this site is 
closest to the continental shelf (Fig. 5.4). In contrast, sediments at the Umnak Plateau site 
(U1339) are more biogenic, alternating for the most part between diatom ooze (>60% diatoms) 
and diatom mud (40-60% diatoms) (Fig. 5.4). Sediments at U1343 represent something of an 
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intermediate composition between U1345 and U1339 (Fig. 5.4; Takahashi et al., 2011; Chapter 
3). It should be noted that the higher relative % of biogenic sedimentation at U1339 does not 
necessarily imply higher rates of productivity at this site. In fact, productivity is probably lowest 
at Site U1339, because the two slope sites are located in the highly productive Green Belt. At 
present, primary production in the Green Belt is 60% greater than on the adjacent outer shelf 
(Springer et al., 1996). Assuming that oceanographic conditions were similar during MIS 11, we 
would expect higher productivity at sites U1345 and U1343. Therefore, the difference in diatom 
content between the sites is probably related to dilution by lithogenic material (e.g., Aiello et 
al., 2012; Kanematsu et al., 2013). There is also the possibility that more extensive sea ice cover 
at these sites (especially U1345, which is the most northerly) limits biological productivity 
beneath the ice.  
 
Table 5.1. Average median grain size of bulk and terrigenous sediments from IODP sites U1345 






Sediment Grain Size  
Overall, the average median grain size of bulk sediments is highest at Site U1345 (20.8 
µm), and lowest at Site U1343 (17.3 µm) (Table 5.1; Caissie et al., 2016; Chapter 3). For the 
terrigenous fraction, average median grain size is highest at Site U1345 (21.7 µm), and lowest at 
 Median grain size (µm) 
(bulk sediment) 
Median grain size (µm) 
(terrigenous sediment) 




20.8 15.7 22 18.1 21.7 15.2 23.7 13.4 
17.3 11.9 18.2 12.4 17.4 12.3 18.3 12.4 
19.7 13.7 20.3 17.7 12.6 8.7 12.7 10.9 
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U1339 (12.6 µm) (Table 5.1; Chapter 3). These trends reflect differences in the relative 
contribution of siliciclastic and biogenic input between the sites as described above (Chapter 3). 
 
 
Figure 5.5. Median grain size of bulk sediments (solid line) and terrigenous sediments (dashed 
line), and the volume % terrigenous clay, at sites U1345 (black; Caissie et al., 2016; Chapter 3), 
U1343 (blue; Chapter 3), and U1339 (red; Chapter 3). Brown bars signify ash layers/accessories, 
and green bars show deglacial laminations (Takahashi et al., 2011). The grey panel shows the 
duration of MIS 11, and colored side bars show the following substages: deglaciation 
(turquoise), Peak MIS 11 (red), and Late MIS 11 (blue). 
 
Bulk median grain size at all sites is higher during MIS 11, relative to the glacial stages 12 
and 10 (Table 5.1; Fig. 5.5). On glacial-interglacial time scales, an increase in bulk grain size can 
be partly explained by the generally higher rates of primary productivity during interglacials 
(Aiello & Ravelo, 2012; Chapter 3). The median grain size of terrigenous sediments is also higher 
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during MIS 11, although less obviously so at Site U1339 (Table 5.1; Fig. 5.5). This could be 
attributed to one of several factors, including increased sea ice melt and subsequent deposition 
of entrained sediments, remobilization of shelf sediments due to deglacial flooding of the shelf, 
or a change in sea ice sediment entrainment processes.  
For the most part, silt (2-63 µm) is the predominant grain size, reflecting the dominant 
input of both silt-sized siliciclastics and silt-sized diatoms (Takahashi et al., 2011; Chapter 3). 
Sand (63-2000 μm) is the second most abundant size fraction, followed by clay (<2 μm) (Fig. 
5.5; Chapter 3). At all three sites, terrigenous clay is most abundant during the glacial stages 
(MIS 12 and 10), with clay-sized grains at a minimum during MIS 11c (Table 5.1; Fig. 5.5). It has 
been shown that past glacial periods were both drier and dustier (McGee et al., 2010). 
Accordingly, the glacial increase in clay likely reflects enhanced aeolian transport during MIS 12 
and 10.  
Coarse Interval 
Anomalously coarse sediments are deposited around 403.5 ka at sites U1345 and U1343 
(Fig. 5.5). These sediments form part of a bi-gradational sequence, with a coarsening upward 
unit from 408-403.5 ka, followed by a fining upward unit from 403.5 to 400 ka. In addition, sand 
mottles, sand lenses, sandy pockets, and indistinct or diffuse dark blue laminations are 
scattered throughout both cores (Takahashi et al., 2011). These sedimentary structures are 
associated with bottom current strength, and may provide evidence for alternating flow 
conditions along the Bering slope (Rebesco et al., 2014). Based on the grain size distribution, we 
interpret the coarse interval as a mud-sand contourite facies (Gonthier et al., 1984; Rebesco et 
al., 2014; Stow & Smillie, 2020; Chapter 3). Contourites are sediments deposited or 
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substantially reworked by the action of subsurface contour currents, and are ubiquitous 
features of ocean basins. To date, contourites have not been widely described in the Bering Sea 
(Rebesco et al., 2014), although Pelto et al. (2018) noted a possible contourite in Holocene 
sediments from Site 3JPC on the northern Bering slope (Fig. 5.2). They suggested that 
contourites might form at this site if the Bering Slope Current increased in strength in line with 
increasing northward flow.  
There are potential problems associated with using contourites in paleoclimate studies, 
including that contourites may be associated with winnowing of fine sediments, input of more 
distal coarse sediments, or both, and also that contour currents are capable of reworking 
turbidite deposits (Veeken & van Moerkerken, 2013; Stow & Smillie, 2020). For these reasons, 
we do not feel confident using grain size records from the contourite facies in our paleoclimate 
interpretations.   
Laminated Sediments 
Laminated sediments are widespread features of deglaciation in the North Pacific and 
its marginal seas (e.g., Zheng et al., 2000; Cook et al., 2005; Itaki et al., 2009; Caissie et al., 2010, 
2016; Davies et al., 2011; Schlung et al., 2013; Kuehn, 2014; Matul et al., 2016; Pelto et al., 
2018; Chapter 4). Consistent with this, laminated sediments occur at all three sites during the 
transition from MIS 12 to MIS 11 (Fig. 5.4; Takahashi et al., 2011). These deglacial laminations 
consist of well-preserved, mm-scale alternations between dark (more terrigenous) and light 
(diatom-rich) laminae (Harbour, 2019).  
Laminations are preserved under dysoxic or anoxic conditions, when oxygen 
concentrations at the sediment-water interface are low enough to inhibit sediment mixing by 
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benthic organisms (Calvert, 1964; Kemp, 1996; Pike & Kemp, 1999; van Geen et al., 2003; 
Schimmelmann et al., 2016). At Site U1345, a ~3.5 m thick laminated interval spans 
approximately 12 kyr; its presence indicates that bottom waters at this site were dysoxic for an 
extended period following deglaciation. In contrast, laminated sediments at sites U1343 and 
U1339 persist for shorter intervals of 4000 years and 2000 years, respectively (Fig. 5.4; 
Takahashi et al., 2011).  
In the Bering Sea today, dissolved oxygen concentrations are lowest between -700 and -
1600 m (Rodin, 2000; Takahashi et al., 2011). Site U1345 (water depth 1007 m) is located within 
the modern OMZ, but the presence of laminated sediments at U1343 (-1953 m) and U1339 (-
1870 m) suggests expansion of the OMZ during MIS 11. Differences in water depth probably 
explain why the laminated interval lasts so much longer at U1345, whilst U1343 and U1339 
record more transient deepening of the OMZ. In addition, we note that the laminated interval is 
shorter at U13339 than at U1343, even though the two sites are located at similar depths. 
Although it is still not exactly clear what causes laminations — whether they are related to a 
change in the ventilation of intermediate waters (Zheng et al., 2000), an increase in export 
productivity (Mix et al., 1999; Ortiz et al., 2004; Davies et al., 2011), or a combination of the two 
factors (Cook et al., 2005; Matul et al., 2016) — it is possible that bottom waters at Site U1343 
were dysoxic for longer than those at Site U1339, due to the higher rates of productivity within 
the Green Belt.  
Ice-rafted Material 
 Coarse terrigenous grains are present at all three sites throughout almost the entire 
record (Fig. 5.6; Chapter 3). Coarse terrigenous grains in sediments from the mid- to high-
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latitude oceans are commonly interpreted as ice-rafted debris (IRD), because ice rafting is the 
only mechanism capable of transporting coarse sediments to the open ocean (Lisitzin, 2002). 
Smear slide analyses show that the coarse grains at our study sites largely consist of sand-sized 
siliciclastic minerals and rock fragments, consistent with the nature of ice-rafted material in the 
Bering Sea (Takahashi et al., 2011; Chapter 3). As glacial ice in Beringia is typically restricted to 
mountain-valley glaciers (e.g., Glushkova, 2001; Elias & Brigham-Grette, 2013), which do not 
produce large numbers of icebergs, IRD in the Bering Sea is most likely to be transported by sea 
ice. However, several lines of evidence (molluscs, pollen, marine microfossils) indicate that 
tidewater glaciers advanced during Late MIS 11 (Huston et al., 1990; Brigham-Grette, 2001), 
whilst global eustatic sea level was still high, so iceberg rafting remains a possible source of 
sediment delivery to the core sites. 
The relative abundance of IRD averages 6.3%, 5.5%, and 5.4% at sites U1345, U1343 and 
U1339, respectively, although there is considerable downcore variability, particularly at Site 
U1339 (Fig. 5.6; Chapter 3). Interestingly, the proportion of IRD is lower at all sites during MIS 
12 and 10. As discussed in Chapter 4, this trend may indicate a relationship between sea level 
and ice rafting, in that when sea level is low during glacials, sea ice forms over deeper waters, 
and thus entrains less coarse material. The volume % of coarse terrigenous grains at U1345 and 
U1343 is highest from~405-402 ka, an interval which falls within the timeframe of peak 
interglacial warmth. Unfortunately, these coarse grains occur during the contourite, which 
complicates the interpretation of ice rafting, because we cannot be certain whether the coarse 
grains are related to bottom current activity, ice rafting, or a combination of these two 
processes. Overall, the IRD records presented here suggest that sea ice rafting was a consistent 
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source of sediment delivery to the Bering slope and the Umnak Plateau throughout MIS 11, 
although it is not possible to quantify changes in sea ice extent, based on IRD records alone. 
 
 
Figure 5.6. % terrigenous grains >150 µm (Chapter 3), sea ice concentrations (Nesterovich & 
Caissie, in review), and % sea ice diatoms (Caissie et al., 2016; Chapter 4), at sites U1345 (black), 
U1343 (blue), and U1339 (red). Note that we did not conduct full quantitative diatom counts at 
U1343. Dashed lines show the upper and lower limits of sea ice concentration. Vertical lines on 
the sea ice concentration plots mark the boundaries between open ocean (<15%), 
unconsolidated ice (10-40%), and consolidated ice (>40%). The grey panel shows the duration 
of MIS 11, and colored side bars show the following substages: deglaciation (turquoise), Peak 
MIS 11 (red), and Late MIS 11 (blue). 
 
Sea Ice History 
At all sites, spring sea ice concentrations are high (>60%) during MIS 12 (Figs. 5.6, 5.7), 
implying that MIS 12 was a period marked by extensive seasonal sea ice cover. Conditions 
during MIS 12 may have been similar to the Last Glacial Maximum (LGM, 30-19 ka; Lambeck et 
al., 2002), when the cold glacial climate allowed for thick, extensive, and possibly perennial sea 
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ice cover in the Bering Sea. During the LGM, sea ice advanced across the northern slope, 
covered much of the central Bering Sea, and extended at least as far south as the eastern 
Bowers Ridge (e.g., Sancetta et al., 1985; Katsuki & Takahashi, 2005; Caissie et al., 2010; Pelto 
et al., 2018). Caissie et al. (2010) showed that Umnak Plateau Site 51JPC (Fig. 5.2) may have 
been ice-covered for >8 months per year during the LGM, as evidenced by high relative % 
abundances of Fragilariopsis species. This interpretation is supported by high average spring 
sea concentrations (74.6%) at the site (Nesterovich, 2019; Nesterovich & Caissie, in review). 
Although there are few high resolution studies of MIS 11 from the Bering Sea, several 
low resolution studies (e.g., Aiello & Ravelo, 2012; Stroynowski et al., 2015; Onodera et al., 
2016; Teraishi et al., 2016; Detlef et al., 2018) also provide some insight into paleoceanographic 
conditions in the Bering Sea during the MIS 12-10 cycle. In particular, low values of the 
molecular biomarker IP25 and low opal mass accumulation rates (MAR) at Site U1343 indicate a 
prolonged period (~33 kyr) of extensive sea ice cover during Late MIS 12 (Detlef et al., 2018). 
In general, sea ice concentrations at sites U1345 and U1343 remain relatively high until 
~410 ka (Figs. 5.6, 5.7; Nesterovich & Caissie, in review). This period is followed by a gradual 
decline in sea ice concentrations at both sites. At U1345, there is a shift towards 
unconsolidated ice (15-40% concentration), and even ice-free conditions (<15%) from 408-392 
ka (Nesterovich & Caissie, in review), whilst at U1343, there is a shorter excursion towards 
unconsolidated ice around 403 ka (Figs. 5.6, 5.7). In contrast, sea ice declines much earlier at 
U1339, with a shift towards unconsolidated ice/open water from ~417 to 410 ka. After 410 ka, 
however, sea ice re-advances over the Umnak Plateau, at the same time it declines over the 





























Figure 5.7. Maps of sea ice concentration at sites U1345 (black), U1343 (blue), and U1339 
(red), for key time slices during the MIS 12-10 cycle. Concentrations are derived from the sea 
ice proxy (Nesterovich & Caissie, in review). The turquoise numbers show sea ice 
concentration values as a percentage. The white dashed line represents the unconsolidated 
ice margin, and the turquoise dashed line shows the consolidated ice margin.  Note that ice 
margin positions are only an approximation. Grey bathymetric shading is based on modern-





It is unclear whether the original diatom record at sites U1345 and U1343 was also 
influenced by bottom currents during the contouritic interval (~408-400 ka), either through 
winnowing of smaller diatom species, or by the dilution of sea ice species through transport of 
different species to the site. However, diatom counts from Site U1345 indicate a major shift in 
the assemblage within the contourite, with Chaetoceros RS replaced by neritic, freshwater, and 
dicothermal species (Caissie et al., 2016). This provides evidence for increased shelf to basin 
transport during the contourite (Caissie et al., 2016). Similarly, at U1343, Chaetoceros RS 
decrease during the contouritic interval (Fig. 5.8), but as we do not have full assemblage counts 
for Site U1343, we are unable to determine which species become dominant at this time.  
Sea ice concentration increases at all sites during Late MIS 11, as sea level and 
atmospheric CO2 decline (Figs. 5.6, 5.7). This is in keeping with work by Detlef et al. (2018), who 
showed that a broad gradual increase of IP25 and HBI III, accompanied by a high opal MAR, 
occurs at Site U1343 during cooling phases of interglacials, indicative of seasonal sea ice of 
increasing duration. Sea ice concentrations are relatively high at Site U1339 during Late MIS 11, 
but alternate between periods of consolidated and unconsolidated ice at the slope sites (Figs. 
5.6, 5.7). 
The differences in sea ice cover between the Bering slope sites and the Umnak Plateau 
site may be explained by regional differences in sea level pressure and wind direction, related 
to the position of the Aleutian Low. The Aleutian Low is a wintertime low pressure system 
centered near the Aleutian Islands (Niebauer et al., 1999). In general, when the Aleutian Low is 
displaced westward, southerly winds inhibit the southward expansion of sea ice in the Bering 
Sea, but when the Aleutian Low is shifted further east towards the Gulf of Alaska, sea ice can 
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advance (Rogers, 1981; Overland & Pease, 1982; Stabeno et al., 1999). It is possible that, if the 
Aleutian Low were not shifted as far to the east, sea level pressure could be low over the Gulf 
of Alaska and the Umnak Plateau, and higher in the rest of the Bering Sea. Under such a 
scenario, southerly winds would inhibit sea ice advance at the Umnak Plateau, but not at the 
slope sites. 
Like the IRD records, the sea ice concentration records presented here suggest that 
seasonal sea ice was almost consistently present in some parts of the Bering Sea during MIS 11 
(Fig. 5.6). In contrast, none of the core sites are seasonally ice-covered today. Sea ice diatoms 
make up less than 10% of the assemblage in modern surface sediments from the northern 
slope region (sites U1345 and V21-163; Fig. 5.2), and ~4% at the Umnak Plateau (Katsuki & 
Takahashi, 2005; Caissie et al., 2010; Nesterovich & Caissie, in review). During MIS 11, however, 
relative percent abundances of sea ice diatoms averaged ~30% at the two slope sites (Caissie et 
al. 2016; Teraishi et al., 2016), 24% at the Umnak Plateau (Chapter 4), and 10-20% at the 
eastern Bowers Ridge (Site U1340; Fig. 5.2; Stroynowski et al., 2015). Sea ice was not present at 
western Bowers Ridge (Site U1341; Fig. 5.2), as evidenced by low (<2%) abundances of sea ice 
diatoms (Katsuki & Takahashi, 2005; Onodera et al., 2016). Instead, high abundances of 
dicothermal species indicate that the site was influenced by highly stratified waters, most likely 
derived from seasonal melting and retreat of sea ice to the north and east. 
 
Productivity Trends 
In general, primary productivity in the Bering Sea varies on glacial-interglacial 
timescales, with higher rates of productivity during interglacials (e.g., Katsuki & Takahashi, 
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2005; Aiello et al., 2012; Kanematsu et al., 2013; Iwasaki et al., 2016; Worne et al., 2019). 
Consistent with this, diatom abundances at all three sites are higher during MIS 11, and lower 
during the glacial stages (Fig. 5.8). Kanematsu et al. (2013) used biogenic opal content to infer 
Milankovitch-scale changes in surface water productivity at three sites (U1345, U1343, and 
U1341) across the Bering Sea over the past 1.3 Ma (Fig. 5.2). Low opal concentrations at Sites 
U1345 and U1343 during glacial periods (Fig. 5.8) were attributed to increased sea ice cover, 
and dilution by lithogenic material. In addition, Worne et al. (2019) presented an upwelling 
index, based on δ15N and opal mass accumulation rates, to show that glacial reductions in 
primary productivity at the Bering slope (Site U1343) were driven, at least in part, by reduced 
upwelling of nutrients, due to the expansion of sea ice and concurrent expansion of low-
nutrient North Pacific Intermediate Water (NPIW).  
During deglaciation, as sea level rose, the Bering Slope Current strengthened, glacial 
NPIW collapsed, and upwelling increased rapidly (Worne et al., 2019). This process helps to 
explain the productivity spikes observed during deglaciation in the Bering Sea, and wider North 
Pacific region (e.g., Cook et al., 2005; Brunelle et al., 2007; Caissie et al., 2010, 2016; Khim et al., 
2011; Lam et al., 2013; Kuehn et al., 2014; Pelto et al., 2018). Kanematsu et al. (2013) showed 
that, during MIS 11, opal concentrations at the slope sites were the highest recorded in the past 
1 Ma. Similarly, several lines of evidence point toward an interval of enhanced productivity at 
the onset of MIS 11 at all three sites, including an increase in diatom abundances by 1-2 orders 
of magnitude, an increase in the relative % abundance of Chaetoceros RS, and the presence of 
laminations (Fig. 5.8). As described previously, laminated sediments form under low oxygen 
conditions. We suggest that rapid upwelling during deglaciation, in addition to an influx of 
nutrients from flooding of the Bering shelf, allowed for extremely high rates of productivity, 
which led to a downward migration of the OMZ, more dysoxic bottom waters, and the 
subsequent preservation of laminations. This adds weight to the argument that increased 
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export productivity is at least partially responsible for the occurrence of laminated sediments. 
 
Figure 5.8. Absolute diatom abundances (diatoms per gram of sediment), and relative percent 
abundances of Chaetoceros RS (high productivity/upwelling indicator), at sites U1345 (black; 
Caissie et al., 2016), U1343 (blue), and U1339 (red; Chapter 4). Also shown is weight % opal 
(Kanematsu et al., 2013) for U1345 (black), U1343 (blue), and U1341 (purple). Global eustatic 
sea level (navy; Rohling et al., 2010), δ15N upwelling index from Site U1343 (orange; Worne et 
al., 2019), and δ13C proxy for the strength of NPIW (grey; Knudson & Ravelo, 2015) are plotted 
for reference. The dashed vertical line shows the sill depth of Bering Strait (-50 m). The brown 
box shows the contourite at sites U1345 and U1343 (408-400 ka). Green bars depict deglacial 
laminations. The grey panel shows the duration of MIS 11, and colored side bars denote the 
following substages: deglaciation (turquoise), Peak MIS 11 (red), and Late MIS 11 (blue). 
 
Chaetoceros resting spores (RS) are a taxon indicative of high productivity environments 
but are also strongly associated with upwelling systems (Abrantes, 1998, 2007). In general, 
relative % abundances of Chaetoceros RS at the two slope sites track with changes in the 
upwelling index for Site U1343 (Fig. 5.8; Worne et al., 2019), which remains high throughout 
MIS 11c, and declines during Late MIS 11. Relative % abundances of Chaetoceros RS are also 
strongly coupled with absolute diatom abundances (Fig. 5.8). This suggests that, during MIS 11, 
high productivity at the slope sites was driven by upwelling. In the Bering Sea today, high 
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productivity within the Green Belt is closely related to upwelling associated with eddies in the 
Bering Slope Current (Springer et al., 1996). Based on the diatom records presented here, we 
propose that conditions similar to those of the modern-day Green Belt were also present at the 
slope sites during MIS 11. In contrast, the relative % abundance of Chaetoceros RS at Site U1339 
is much more variable throughout MIS 11, and is not coupled with either the upwelling index or 
diatom abundances (Fig. 5.8). This suggests that, similar to today, upwelling regimes at the 
Umnak Plateau were different to those along the Bering Slope. 
Wider Context 
Globally, MIS 11 is characterized by warmer climatic conditions, especially at high 
latitudes (de Vernal & Hillaire-Marcel, 2008; Melles et al., 2012). Sea level during MIS 11c was 
probably 6-13 m higher than at present (Raymo & Mitrovica, 2012; Dutton et al., 2015), which 
would have required major or even total deglaciation of Greenland and/or the West Antarctic 
Ice Sheet (Raymo & Mitrovica, 2012). There is evidence for strong warming in the northern 
hemisphere terrestrial realm (e.g., de Vernal & Hillaire-Marcel, 2008; Prokopenko et al., 2010; 
Tzedakis, 2010; Melles et al., 2012; Lozhkin and Anderson, 2013; Candy et al., 2014; Kleinen et 
al., 2014; Tye et al., 2016), but marine records do not reflect this warming as strongly. In fact, 
MIS 11 is not the warmest interglacial in most marine records. In addition, the climate response 
to interglacial warming during MIS 11 was highly variable in the marine realm. For example, sea 
surface temperature (SST) reconstructions from the subtropical Northeast Atlantic and the 
western Mediterranean showed that average SSTs were 1-2°C warmer than today (Kandiano et 
al., 2012). In contrast, surface waters in the Nordic Seas were both colder and fresher during 
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MIS 11 than they are today, and showed evidence for multiple, high magnitude cold excursions, 
attributed to freshwater forcing (Kandiano et al., 2012, 2016; Doherty & Thibodeau, 2018). 
Like the Nordic Seas, the Bering Sea does not reflect strong warming during MIS 11. 
Relative percent abundances of warm water species at Site U1345 (Caissie et al., 2016) and 
U1339 (Chapter 4) suggest that SSTs during MIS 11c were not much warmer than during MIS 
12. This contrasts with records from the Arctic Ocean, which indicate high SSTs (~8-10 °C near 
the Mendeleev Ridge) between 410 and 400 ka (Cronin et al., 2019). There is evidence that 
tidewater glaciers in Beringia advanced whilst eustatic sea level was still high, an example of the 
‘out-of-phase glaciations’ observed during interglacial periods in this region. This glacial 
advance was driven by solar forcing, and by moisture from the flooded Beringian shelf 
(Brigham-Grette et al., 2001). Swanger et al. (2017) also documented glacier advance during 
MIS 11 in the McMurdo Dry Valleys of Antarctica, which they attributed to increased 
atmospheric temperatures and precipitation. 
In the Arctic Ocean, low abundances of the sub-sea ice dwelling ostracod species 
Acetabulastoma indicate a seasonally ice-free Arctic during MIS 11 (Cronin et al., 2019). This 
transition from perennial to seasonal sea ice is unique to MIS 11, and suggests that sea ice in 
the Arctic responded strongly to interglacial warming during MIS 11. In contrast, seasonal sea 
ice remained present in some parts of the Bering Sea throughout MIS 11, although today, sea 
ice is restricted to the northern shelf. In particular, sea ice advanced over the Umnak Platea 
during the latter half of MIS 11c (~410-398 ka), when global sea level was high, and much of the 
world was experiencing peak interglacial warmth. At the same time, however, sea ice 
concentrations were reduced at the slope sites, and Site U1345, which is closest to the marginal 
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ice zone today, recorded near ice-free conditions between 404 and 402 ka (Figs. 5.6, 5.7). These 
discrepant records indicate significant regional as well as global variability in the response of 
the climate system to the interglacial warming of MIS 11. 
 
Summary 
In this study, we described trends in sea ice and productivity at three sites in the Bering 
Sea during MIS 11. In addition, we noted strong evidence for contourite sequences deposited 
between 408 and 400 ka at the Bering slope sites (U1345 and U1343). As contourites are 
associated with sediment reworking through the action of bottom currents, their presence may 
complicate paleoclimate interpretations from this interval.  
At all three sites, MIS 12 was a period marked by extensive seasonal sea ice cover, 
perhaps similar to conditions during the Last Glacial Maximum. Laminated sediments occurred 
at all sites during the transition from MIS 12 to MIS 11, suggesting widespread deglacial 
expansion of the OMZ. Productivity spiked during deglaciation, but did not remain as high once 
the interglacial period stabilized.  
The IRD records presented here suggest that sea ice rafting was a consistent source of 
sediment delivery to the Bering slope and the Umnak Plateau throughout MIS 11. However, 
there were regional differences in the response of sea ice to interglacial warming, perhaps 
related to differences in sea level pressure and wind direction associated with changes in the 
position of the Aleutian Low. At the Umnak Plateau, sea ice concentrations decreased during 
deglaciation/early MIS 11, but remained relatively high at the slope sites until approximately 
410 ka. Sea ice re-advanced over the Umnak Plateau during peak interglacial warmth, at the 
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same time that sea ice at the slope sites declined. Late MIS 11 was characterized by relatively 
high sea ice concentration at U1339, and alternations between consolidated and 
unconsolidated ice at the slope sites. In contrast, none of these sites are seasonally ice-covered 
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CHAPTER 6.    GENERAL CONCLUSIONS 
In this dissertation, I used multiple proxies (sediment grain size, diatoms, and bulk 
sedimentary isotopes) from Bering Sea sediment cores to investigate natural variability in sea 
ice and primary productivity during Marine Isotope Stage 11, which is considered one of the 
best analogs for the (natural) development of Holocene climate. The main objective was to fill 
an important gap in high-resolution proxy records of MIS 11 climate from the North Pacific 
region.  
Marine sediments provide valuable records of Earth’s climate history over long 
timescales, but are only useful if we know how to interpret them. In Chapter 3, I evaluated a 
number of grain size parameters to discern whether grain size is an effective proxy for past 
sedimentary processes in the Bering Sea, and found that grain size can be used effectively to 
infer sediment transport processes, ice rafting, and paleoproductivity. Sortable silt is not a 
useful proxy in the Bering Sea, because it is not possible to distinguish between current-sorted 
silt and ice-rafted silt. In addition, I was able to use grain size distributions to infer the presence 
of contourite sequences at sites U1345 and U1343. Contourites were not previously identified 
at these sites, but it is important to be aware of them, because contourites are associated with 
sediment reworking through the action of bottom currents, thus, their presence might limit 
paleoclimate interpretations. There is evidence for bottom current activity throughout MIS 11 
at both of the slope sites, but to the best of my knowledge, there is only one contourite 
sequence. However, it is likely that contourites reflect periodic changes in bottom current 




In chapter 4, I presented a high-resolution record of changes in sea ice and productivity 
at the Umnak Plateau (Site U1339). Diatom assemblages at Site U1339 reflect changes in sea 
ice, upwelling, and North Pacific inflow, and there is general agreement between diatom and 
grain size records, which show evidence for persistent sea ice cover at the Umnak Plateau, even 
during peak MIS 11. Productivity spikes during deglaciation, but gradually declines throughout 
MIS 11, independent of fluctuations in sea ice. Nutrient availability may have become a limiting 
factor on productivity as the interglacial progressed. Unfortunately, I was unable to use δ15N 
values to infer changes in nitrogen utilization, because the record was influenced by low δ15N 
values from inorganic nitrogen. Going forward, it would be more useful to measure the δ15N of 
diatom-bound nitrogen, rather than bulk sedimentary nitrogen, in sediments known to have a 
high illite content.  
In chapter 5, I compared the sea ice and productivity records from the Umnak Plateau to 
records from two sites on the Bering slope. Sea ice was present at all three sites during MIS 11, 
but sea ice at the slope sites responded differently to interglacial warming. Today, Site U1345 is 
closest to the maximum limit of sea ice extent on the Bering shelf, but during MIS 11, sea ice 
advanced across the Umnak Plateau at the same time it declined over the slope. This points 
towards significant regional variability in sea ice regimes across the Bering Sea, and also 
suggests that there are fundamental differences between MIS 11 and the Holocene.  
Several avenues for further work suggested themselves during the writing of this 
dissertation, including a test of grain size repeatability (Appendix B), improvement of the age 
models for sites U1339 and U1345 (Appendix A, Fig. A.1), and construction of an age model for 
Bowers Ridge Site U1340, in the hope that we could include analyses from this site in our 
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regional compilation. Unfortunately, this last project had to be abandoned, because of the 
extensive soft sediment deformation in cores from Site U1340. One final avenue for further 
work is suggested by the limitations of the age models used in this study. The age model for 
U1345 is relatively high resolution, but sites U1345 and U1339 are only tied to the global stack 
at the beginning and end of MIS 11. However, there are ash layers at all three sites, which are 
dated differently, but which look remarkably similar in core images (Appendix C). If it can be 
shown that these ash layers are from the same eruption, they could be used to improve 
















APPENDIX A    SUPPLEMENT TO CHAPTER 4: A MULTI-PROXY RECONSTRUCTION OF CHANGES 
IN SEA ICE AND PRIMARY PRODUCTIVITY AT IODP SITE U1339 (UMNAK PLATEAU, BERING 
SEA) DURING MARINE ISOTOPE STAGE 11 
 
 
Figure A.1. Magnetic susceptibility records for sites U1339 and U1345, plotted against 









Table A.1. List of diatom taxa identified in this study, including pennate and centric diatoms 
identified to genus or species level, and morphogenera of Chaetoceros resting spores (RS). 
 
PENNATE DIATOMS CENTRIC DIATOMS CHAETOCEROS RS 
Acanthes spp. Actinocyclus curvatulus Dispinodiscus 
Amphora spp.  Actinocyclus ochotensis Gemellodiscus 
Caloneis spp. Actinocyclus spp. Hyaline 
Cocconeis costata Aulacoseira spp. Liradiscus 
Cocconeis spp. Azpetia tabularis Syndendrium 
Cymatosira spp. Azpetia spp. Vallodiscus 
Delphineis kippae  Actinoptychus spp. Xanthiopyxis 
Delphineis surrirella  Asteromphalus robustus  
Delphineis spp. Asteromphalus spp.  
Diploneis smithii  Bacterosira bathyomphalus  
Diploneis spp. Coscinodiscus spp.  
Entomoneis spp. C. insignis (reworked)  
Eunotia spp. Cyclotella spp.  
Fragilariopsis cylindrus Dentonula confervacea  
Fragilariopsis oceanica Lindavia cf. ocellata  
Fragilariopsis reginae-jahniae Lindavia radiosa  
Fragilariopsis pacifica Melosira sol  
Fragilariopsis atlantica Odontella aurita  
Fragilariopsis nana Pseudopodosira elegans  
Fragilariopsis pseudonana Porosira glacialis  
Fragilariopsis humboldtianarum Paralia sulcata  
Fragilariopsis spp. Proboscia curvirostris  
Fragilaria spp. Podosira spp.  
Fossula arctica Rhizosolenia hebetata  
Gomphonemopsis spp. Rhizosolenia spp.  
Grammatophora spp. Shionodiscus oestrupii  
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Table A1. (continued) 
Nitzschia spp. Shionodiscus trifultus  
Neodenticula seminae Sinerima marigela  
Pinnularia spp. Stephanopyxis turris  
Raphoneis amphiceros Thalassiosira angulata  
Stauroneis livingstonii  Thalassiosira antarctica  
Synedra spp. Thalassiosira baltica  
Synedropsis hyperborea Thalassiosira binata  
Thalassiothrix longissima Thalassiosira bulbosa  
Thalassionema nitzschioides Thalassiosira decipiens  
Unidentified Naviculoid pennates Thalassiosira eccentrica  
Unidentified Nitzschioid pennates Thalassiosira gravida  
 Thalassiosira hyalina  
 Thalassiosira hyperborea  
 Thalassiosira jouseae  
 Thalassiosira kushirensis  
 Thalassiosira leptopus  
 Thalassiosira lineata  
 Thalassiosira nordenskioldii  
 Thalassiosira pacifica  
 Thalassiosira subtilis  
 Thalassiosira symmetrica  
 Thalassiosira tealata  




Figure A.2. Relative % (area plots) and absolute (line plots) abundances of diatom taxa that 
make up more than 10% of any assemblage. Taxa are grouped by environmental niche: sea ice 
(dark blue); neritic (brown); dicothermal (light blue); warmer water (red); North Pacific 
indicator (orange); summer bloom (light green); other (grey); and Chaetoceros RS (dark green). 
The final line plot shows the total number of diatom valves per gram of sediment. Note the 
different scale for absolute abundances of Chaetoceros RS and all diatom valves. The grey panel 






Figure A.3. Relative percent abundances of diatoms grouped by environmental niche: sea ice 
(dark blue); neritic (brown); dicothermal (light blue); warmer water (red); North Pacific 
indicator (orange); high productivity (yellow); and Chaetoceros RS (dark green). Also shown is 
sea ice concentration (including upper and lower limits), derived from a quantitative, diatom-
based sea ice proxy (Nesterovich and Caissie, in review). The grey panel shows the duration of 










APPENDIX B    GRAIN SIZE REPEATABILITY 
 
B.1. Background 
One of the benefits of laser diffraction particle size analysis is that it works with very 
small sample sizes, but this can also be considered a drawback, since small samples may not be 
representative of the grain size distribution of the full sample. In addition, sampling techniques 
might bias against coarser particles. To test the repeatability of grain size measurements, 
multiple measurements were run on a small batch (n = 23) of samples from IODP Site U1340. 
Analysis of variance (ANOVA) with a Bonferroni correction suggested that measurements were 
similar within run, but varied between samples (Table C.1; Fig. C.1). I plan to write these results 
up as a short note with Beth Caissie and Hannah Carroll as co-authors. 
 
B.2. Methods 
Grain size was measured using a Malvern Mastersizer Laser 3000, equipped with a 
Hydro MV dispersion tank. This instrument uses the principle of laser diffraction to determine 
the volume distribution of particles in 101 size bins ranging from 0.01 to 3500 µm. 
Freeze-dried bulk sediments from Site U1340 were massed to approximately 0.025 g 
and treated with the deflocculant sodium hexametaphosphate (SHMP) prior to being analyzed. 
Each sample was sub-sampled three times, and replicate measurements were performed on 
each of the subsamples. Mean grain size was calculated in GRADISTAT, and statistical analyses 



















APPENDIX C    ASH LAYERS 
 
Figure C.1. Ash layers that may provide a means of correlation between age models for the 
three sites.  
 
